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INTRODUCTION 

Impending s h o r t a g e s  of good c o k i n g  c o a l s  th roughout  t h e  world have  
prompted a series of  i n v e s t i g a t i o n s  a t  CANMET (Canada C e n t r e  f o r  Minera l  a n d  Energy 
Technology) i n t o  t h e  u t i l i z a t i o n  o f  w e s t e r n  Canadian m a r g i n a l  c o k i n g  c o a l s  i n  t h e  
p r o d u c t i o n  of m e t a l l u r g i c a l  g r a d e  coke .  One p o s s i b l e  way t o  do t h i s  i s  t o  add 
res iJual  p i t c h  from thermal h y d r o c r a r k i n g  of b i tumen and heavy o i l s  t o  s u c h  c o a l s  
( 1 ) .  T h i s  p i t c h  h a s  been found t o  b e  an e x c e l l e n t  a d d i t i v e  f o r  up-grading  low 
f l u i d ,  low v o l a t i l e ,  i n e r t - m a c e r a l  r i c h  c o a l s .  The p i t c h  a c t s  a s  a f l u i d i t y -  
e n h a n c i n g  a g e n t ,  and by i n t e r a c t i n g  w i t h  t h e  v i t r i n i t e  o f  t h e  c o a l ,  augments t h e  
s u p p l y  o f  r e a c t i v e  c a r b o n  n e c e s s a r y  f o r  bonding  t o g e t h e r  of i n e r t  m a c e r a l s .  

The p u r p o s e  of t h i s  p u b l i c a t i o n  is t o  add  f u r t h e r  i n s i g h t  i n t o  t h e  r o l e  
of p i t c h  i n  c a r b o n i z a t i o n  o f  c o a l / p i t c h  b l e n d s .  P i t c h e s  d e r i v e d  from thermal  
h y d r o c r a c k i n g  o f  bitumen a t  d i f f e r e n t  d e g r e e s  of s e v e r i t i e s  were u t i l i z e d  f o r  t h i s  
p u r p o s e .  T h i s  p r o v i d e d  a means o f  a s s r s s i n g  t h e  p r o p e r t i e s  of t h e  p i t c h e s  i n  t h e  
c a r b o n i z a t i o n  p r o c e s s  w i t h o u t  c h a n g i n g  t h e  b a s i c  c h e m i c a l  n a t u r e  o f  t h e  p a r e n t  
m a t e r i a l .  

EXPERIMENTAL 

The p r o p e r t i e s  o f  t h e  p i t c h e s  d e r i v e d  from thermal  h y d r o c r a c k i n g  o f  
Athabasca  bitumen under  v a r i o u s  o p e r a t i n g  c o n d i t i o n s  a r e  g iven  i n  Table  1. These 
four p i t c h e s  were produced  under  d i f f e r e n t  d e g r e e s  of s e v e r i t y  d u r i n g  t h e  p r o c e s s  
A b e i n g  c h a r a c t e r i s t i c  o f  p i t c h  o b t a i n e d  under  r e l a t i v e l y  mi ld  c o n d i t i o n s  and  D ,  
o f  p i t c h  o b t a i n e d  a t  h i g h  s e v e r i t i e s .  A r r l a t i o n  was found t o  e x i s t  betwcen t h e  
d e g r e e  o f  s e v e r i t y  d u r i n g  h y d r o c r a c k i n g  and t h e  v a r i o u s  p r o p e r t i e s  l i s t e d  i n  
T a h l e  1 (e .g .  CCR, a r o m a t i c i t y ,  s o f t e n i n g  p o i n t ) .  

TABLE 1 

P h y s i c a l  and Chemical P r o p e r t i e s  o f  P i t c h e s  

Vola t i l e  matter % 
Ash % 
S o f t e n i n g  t e m p e r a t u r e  O C  

Conradson c a r b o n  r e s i d u e  % 
S p e c i f i c  g r a v i t y  
Benzene- inso lubles*  
A s p h a l t e n e s  % 
H / C  
S u l p h u r  % 
Aromat ic i ty**  % 
-- 

A 

73.1 
1.8 

50 
34.7 
1.10 
2.6 

37.2 
1 . 3 2  
5 .58  

- 

3 8 . 2  

- 
B 

64.8 
2 . 3  

9 5  
42.2 
1.12 
4.2 

4 4 . 6  
1 . 1 5  
5.6: 

- 

49.4 

tch  
C 

53.5 
3 .2  

50.7 

11 .6  
48.1 

105 

1 . 1 6  

1 . 0 9  
6.33 

56 .3  

___ 
D 

44.6  
- 

5 . 8  
135 

64.6 

20.6 
55.2 

1 .24  

0 .94  
4 .85  

69 .8  -_ * Ash-free b a s i s ,  ** 1% NMR a n a l y s i s  
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The c o a l  used was a w e s t e r n  Canadian,  low f l u i d ,  h i g h  rank  b i t u m i n o u s  
c o a l  h a v i n g  a r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  o f  i n e r t  m a c e r a l s .  
and  P e t r o g r a p h i c  a n a l y s e s  of t h i s  c o a l  a r e  g i v e n  i n  T a b l e  2 .  

Proximate ,  u l t i m a t e  

TABLE 2 

P r o p e r t i e s  o f  t h e  Coal 

Proximate  A n a l y s i s  ( d r y  b a s i s )  

Ash % 9.8  
V o l a t i l e  m a t t e r  % 21.2 
Fixed Carbon % 69.0 

U l t i m a t e  A n a l y s i s  

Carbon % 78.9 
Hydrogen % 4.3  
Sulphur  % 0.8  
N i t r o g e n  % 1 . 3  
Oxygen (by d i f f . )  % 4.9 
Ash % 9.8 

P e t r o g r a p h i c  A n a l y s i s  

V i  t r i n i t e  v o l .  % 51.8  
Semi-f u s i n i  t e  v o l .  % 34.2 
F u s i n i  te v o l .  % 1 1 . 2  
M i c r i n i  t e  v o l .  % 2 . 6  
E x i n i t e  v o l .  % 0 .2  

1.17 RO 
Mean r e f l e c t a n c e  i n  o i l ,  

C o a l f p i t c h  b l e n d s  w i t h  v a r y i n g  p i t c h  c o n c e n t r a t i o n s  were p r e p a r e d  and 
t h e i r  f l u i d i t i e s  de te rmined  by means of a G i e s e l e r  p l a s t o m e t e r .  The f l u i d i t i e s  of 
t h e  v a r i o u s  b l e n d s  a r e  r e p o r t e d  i n  Table  3 .  
of p i t c h  which can p o t e n t i a l l y  i n t e r a c t  w i t h  t h e  c o a l  d u r i n g  c a r b o n i z a t i o n ,  Cp,  is  
a l s o  g i v e n  i n  Table  3. 

A v a l u e  r e p r e s e n t i n g  t h e  c o n c e n t r a t i o n  

Cp was c a l c u l a t e d  on t h e  f o l l o w i n g  b a s i s :  

where CCR i s  t h e  Conradson carbon r e s i d u e  (2) and approximates  t h e  c o n t r i b u t i o n  of 
carbonaceous  m a t e r i a l  made by t h e  p i t c h  t o  t h e  b lend  d u r i n g  c a r b o n i z a t i o n .  

The v a r i o u s  c o a l l p i t c h  b l e n d s  were  c a r b o n i z e d  u s i n g  a c a n i s t e r  c o k i n g  
techniqu  developed  a t  CANMET ( 3 ) .  The b l e n d s  were packed t o  a b u l k  d e n s i t y  o f  
801  kg/m i n t o  p e r f o r a t e d  t i n  p l a t e  c a n i s t e r s  2 9 . 3  cm l o n g  and 1 .6  cm i n  d i a m e t e r .  
Twenty c a n s ,  each  c o n t a i n i n g  a d i f f e r e n t  b l e n d  were s ide-charged  i n t o  CANMET'S 
250-kg moveable w a l l  coke  oven.  

5 .  

The r e l a t i v e  s t r e n g t h s  of t h e  cokes  produced from t h e  c a n i s t e r  test were 
de te rmined  by a small sample tumbler  t e s t  deve loped  by Bituminous Coal Research  
(BCR) (4)  and a r e  r e p o r t e d  i n  Table  3 .  These s t r e n g t h  i n d i c e s  are a measure of  
s i z e  r e d u c t i o n  i n  tumbled coke p a r t i c l e s  and t h e r e f o r e  a l a r g e  i n d e x  c o r r e s p o n d s  
t o  a weak coke.  

O p t i c a l  e x a m i n a t i o n s  of t h e  v a r i o u s  cokes were made w i t h  a L e i t z  r e f l e c -  
t e d  l i g h t  microscope u s i n g  an o i l  immersion l e n s .  The micrographs  were  t a k e n  a t  
6OOX m a g n i f i c a t i o n  u s i n g  p a r t i a l l y  c r o s s e d  n i c o l s .  
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TABLE 3 

C a r b o n i z a t i o n  Data  f o r  Coal P i t c h  B lends  

3 7 0  
39.0 

9 . 1  

P i t c h  A 

c o n t r i b u t i o n  o f  c a r b o n  
f r o m  p i t c h .  Cp 

F l u i d i t y  of b l e n d  
BCR* s t r e n g t h  i n d e x  

P i t c h  B 

C o n t r i b u t i o n  o f  c a r h o n  
from p i t c h ,  Cp 

F l u i d i t y  o f  b l e n d  
BCR* s t r e n g t h  i n d e x  

P i t c h  C 

C o n t r i b u t i o n  o f  c a r b o n  
from p i t c h ,  C 

F l u i d i t y  o f  b l egd  
BCR* s t r e n g t h  i n d e x  

P i t c h  D 

C o n t r i b u t i o n  o f  c a r b o n  
f r o m  p i t c h ,  Cp 

F l u i d i t y  of  b l e n d  
BCR* s t r e n g t h  i n d e x  

400 
40 .3  

10.4 

% 

ddlmin 

% 

ddlmin 

% 

ddlmin 

% 

ddlmin 

Conc 
0 
- 

N i l  

N i l  
N/A** 

N i  1 

N i  1 
N/A** 

N i l  

N i  1 
N/A** 

N i l  

N i l  
M I A * *  

__ 
t r a t :  __ 

5 __ 

1 .5  

1.9 
49.0 

2.1 

1 . 5  
53.8 

2 .6  

1.1 
52.7 

3 . 3  

1.0 
57.8 

__ 

8 
~ 

2.4 

6 . 1  
36.4 

3 . 3  

5 . 7  
35.3 

4 . 1  

5 .0  
36.7 

5.2 

4 .o 
53.1 

__ 
i t c h  

10  
__ 
__ 

3 .1  

6 . 4  
38.2 

4 . 1  

7 . 1  
34.5 

5.0 

1 3 . 0  
36.9 

6 .5  

6 .8  
35 .1  

n Blend w t  % 
'x-pi- 

7.1 I 8.2 

* Bituminous Coal  Kesea r rh  I n c . ,  P i t t s b u r g h ,  P.A. 
** A non-agglomerated c h a r  was produced 

RESULTS AND DISCUSSION 

A pho tograph  showing t w o  r e p r e s e n t a t i v e  cokes  from t h e  c a n i s t e r  t e s t  is  
shown i n  F i g .  1. The coke  shown a t  t h e  top was produced from c o a l  w i t h  no  p i t c h  
a d d i t i v e  and  was p o o r l y  agg lomera ted .  The coke a t  t h e  bot tom was agg lomera ted  and 
h a r d  and was t y p i c a l  o f  cokes  produced from c o a l l p i t c h  b l e n d s .  The former coke 
c o u l d  n o t  b e  e v a l u a t e d  by t h e  BCR tumbler  tes t  because  of i t s  non-agglomerated 
c h a r a c t e r .  The s t r e n g t h  i n d i c e s  of t h e  cokes  produced from c o a l l p i t c h  b l e n d s  a r e  
g i v e n  i n  Tah le  3 .  

The s t r e n g t h s  o f  t h e  cokes produced from b lends  c o n t a i n i n g  p i t c h  A a n d  
p i t c h  B were n o t  f o u n d  t o  va ry  s i g n i f i c a n t l y  f o r  p i t c h  c o n c e n t r a t i o n s  above 5 % .  On 
the  o t h e r  hand .  a d d i t i o n s  of more than  10% p i t r h  i n  r o a l l p i t r h  C and  c o a l l p i t c h  I) 
b l e n d s  were found t o  b e  d e t r i m e n t a l  t o  coke s t r c n g t h .  Thr i n f l u e n c e  o f  ? i t c t l  
c o n c e n t r a t i o n  on coke  s t r e n g t h  was t h e r e f o r e  more pronounced f o r  p i t c h  o b t a i n e d  
from h igh  s e v e r i t y  t h e r m a l  hydroc rack ing  r u n s .  I t  would h e  d i f f i c u l t  t o  p r e d i c t  
an e x a c t  optimum p i t c h  c o n c e n t r a t i o n  hascd s o l e l y  o n  t h e  r e s u l t s  r e p o r t e d  i n  
T a b l e  4 f o r  m a l l p i t c h  D b l e n d s .  

C n a l l p i t c h  h l c n d s  hav ing  Cp v a l u p s  i n  e x c s s s  o f  a b o u t  7 %  produced cokes 
of  p r o g r r s s i v e l y  weaker  s t r p n g r h s .  The Conradson carhon r e s i d u c  ( C C R )  c o n t e n t s  o f  
p i t c h e s  A a n d  H were  s u f f i c i p n t l y  l o w  t o  p e r m i t  a d d i t i o n s  o f  up t o  1hX p i t c h  to  t h e  
Coal  withot i t  CP  valut2s o f  t he  hlend e x c e d i n g  77,. T h i s  Would accoun t  f o r  t h e  l a c k  
of a minimum i n  IlCR s t r e n g t h  index  f n r  cokes produced from b lends  c o n t a i n i n g  p i t c h  
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A and p i t c h  B w i t h i n  t h e  c o n c e n t r a t i o n  r ange  i n v e s t i g a t e d .  

F l u i d i t y  d a t a  f o r  t h e  v a r i o u s  b l e n d s  a r e  summarized i n  Tab le  3. 
mlrked i n c r e a s e  i n  t h e  f l u i d i t y  o f  t h e  b l e n d s  w a s  obse rved  f o r  p i t c h  c o n c e n t r a t i o n s  
g r e a t e r  t h a n  LO%. 
nounced f o r  p i t c h  o b t a i n e d  f rom h i g h  s e v e r i t y  the rma l  hydroc rack ing  r u n s .  
perhaps s u g g e s t s  t h a t  t h e r e  i s  a b e t t e r  i n t e r a c t i o n  between p i t c h  and t h e  v i t r i n i t e  
of  t h e  c o a l  i n  c a s e s  where t h e  p i t c h  was t r e a t e d  under  more s e v e r e  c o n d i t i o n s  
du r ing  the rma l  hydrocracking.  
is d i r e c t l y  r e l a t e d  t o  t h e  d e g r e e  of s e v e r i t y  d u r i n g  t h e r m a l  hydroc rack ing .  
i n t e r a c t i o n  between t h e  p i t c h  and t h e  v i t r i n i t e  may t h e r e f o r e  b e  r e l a t e d  t o  t h e  
a r o m a t i c i t y  of t h e  p i t c h :  

A 

The i n c r e a s e  i n  f l u i d i t y  w a s  g e n e r a l l y  found t o  be more pro-  
Th i s  

It is e v i d e n t  f rom Tab le  1 t h a t  p i t c h  a r o m a t i c i t y  
The 

Based on some of t h e  arguments  p r e s e n t e d  above ,  t h e  f o l l o w i n g  r e l a t i o n -  
s h i p  was found t o  be c o n s i s t e n t  w i t h  t h e  d a t a  i n  Tab le  3: 

0 . 9 7  BCR s t r e n g t h  index  = 26.47 + 1 .75  Cp exp -* A3,2F, 1.5 5 CP 5 10 .4  2)  

Where Cp is d e f i n e d  a c c o r d i n g  t o  Equa t ion  l ) ,  A is t h e  a r o m a t i c i t y  of  p i t c h  d e t e r -  
mined by l 3 C  NMR and F i s  t h e  f l u i d i t y  of  t h e  c o a l / p i t c h  b l end .  
p l o t t e d  i n  F i g .  2 and w a s  found t o  have a c o e f f i c i e n t  of  c o r r e l a t i o n  of  0.89. 

Equa t ion  2) i s  

According t o  Equa t ion  2 ) ,  t h e  BCR s t r e n g t h  i n d e x  of a coke produced from 
a c o a l / p i t c h  b l end  i s  n o t  o n l y  dependent  on t h e  v a l u e  of Cp, b u t  a l s o  on t h e  
f l u i d i t y  of t h e  b l end .  Low v a l u e s  o f  Cp i n  t h e  b l end  appea r  t o  b e  d e s i r a b l e  i n  
a c h i e v i n g  good coke s t r e n g t h  p rov ided  t h e  f l u i d i t y  o f  t h e  b l e n d  is s u f f i c i e n t l y  
h i g h  t o  make t h e  e x p o n e n t i a l  term in t h e  e q u a t i o n  approach u n i t y .  
e n t i a l  term h a s  approached u n i t y ,  a d d i t i o n a l  i n c r e a s e s  i n  Cp may o n l y  c o n t r i b u t e  t o  
a d e t e r i o r a t i o n  i n  coke s t r e n g t h .  The i n t e r - r e l a t i o n s h i p  between Cp and f l u i d i t y  
bo rne  o u t  by Equa t ion  2) emphasizes  t h e  need f o r  c o n t r o l l e d  f l u i d i t y  i n  e n s u r i n g  a 
uniform and e f f i c i e n t  d i s t r i b u t i o n  o f  t h e  b i n d i n g  material th roughou t  t h e  c o a l  
d u r i n g  c a r b o n i z a t i o n .  Th i s  i s  demons t r a t ed ,  f o r  i n s t a n c e ,  i n  t h e  c a s e  of 5% 
a d d i t i o n  of  p i t c h  D t o  t h e  c o a l ,  Tab le  3. Although t h e  Cp v a l u e  was r e l a t i v e l y  
h igh ,  low f l u i d i t y  p reven ted  p r o p e r  d i s t r i b u t i o n  of t h e  b i n d i n g  material in t h e  
c o a l  d u r i n g  c a r b o n i z a t i o n ;  consequen t ly ,  a weak coke w a s  produced.  

Once t h e  expon- 

I n  o r d e r  t o  conf i rm t h i s  dependence on f l u i d i t y ,  a series o f  mic roscop ic  
The coke pro- examina t ions  w a s  made on t h e  cokes produced from t h e  c a n i s t e r  test. 

duced from t h e  c o a l  w i t h  no p i t c h  a d d i t i v e  was found t o  be p o o r l y  bonded. 
mace ra l s  were s e g r e g a t e d  w i t h i n  t h e  coke s t r u c t u r e  w i t h  l i t t l e  or no b i n d i n g  
m a t e r i a l  su r round ing  them ( F i g .  3). 
q u a l i t i e s  depending on v a l u e s  of Cp and f l u i d i t y .  Three s p e c i f i c  c a s e s  w e r e  chosen 
t o  demons t r a t e  t h i s  dependence: ( i )  c o a l  + 5% p i t c h  D, ( i i )  c o a l  + 10% p i t c h  D and 
( i i i )  c o a l  + 16% p i t c h  D. 

I n e r t  

C o a l / p i t c h  b l e n d s  produced cokes  of  v a r y i n g  

I n  c a s e  ( i ) ,  c o a l  + 5% p i t c h  D, some degree  of bonding was o b s e r v e d  
between i n e r t  mace ra l s ,  b u t  t h e  bonding was g e n e r a l l y  d i s c o n t i n u o u s  and s p o r a d i c .  
Th i s  i s  e x e m p l i f i e d  f o r  i n s t a n c e  i n  F i g .  4 .  It i s  noteworthy t h a t  f o r  b l e n d s  
hav ing  s i m i l a r  Cp v a l u e s  b u t  h i g h e r  f l u i d i t i e s ,  e .g .  c o a l  + 10% p i t c h  A,  bonding 
was found t o  be  c o n s i d e r a b l y  more un i fo rm than  t h a t  shown i n  F i g .  4. The d i f f e r -  
ence i n  bonding can t h e r e f o r e  b e  a t t r i b u t e d  t o  t h e  f l u i d i t y  of  t h e  r e s p e c t i v e  
b l e n d s .  

The coke produced from c a s e  ( i i ) ,  c o a l  + 10% p i t c h  D, w a s  found  t o  
e x h i b i t  e x c e l l e n t  bonding.  The b i n d i n g  m a t e r i a l  w a s  un i fo rmly  and c o n t i n u o u s l y  
d i s t r i b u t e d  th roughou t  t h e  coke and t h e  i n e r t  mace ra l s  were embedded w i t h i n  t h e  
coke matrix, F ig .  5. These o b s e r v a t i o n s  were c o n s i s t e n t  w i t h  t h e  r e l a t i v e l y  good 
BCR s t r e n g t h  i n d e x  o b t a i n e d  f o r  t h i s  coke. 

141 



The d e t e r i o r a t i o n  i n  coke s t r e n g t h  observed  f o r  c a s e  ( i i i ) ,  c o a l  + 16% 
p i t c h  D, was a t t r i b u t e d  t o  t h e  development of micro-cracks w i t h i n  t h e  coke  s t r u c -  
t u r e ,  Fig.  6 .  The mechanism by which t h e s e  c r a c k s  form is  n o t  w e l l  unders tood ,  
b u t  could perhaps  r e s u l t  f rom a n  e x c e s s  of b i n d i n g  m a t e r i a l  between the  i n e r t  
m a c e r a l s  of t h e  c o a l ,  t h e r e b y  weakening the  o v e r a l l  s t r u c t u r e .  

From t h e  t h r e e  c a s e s  c o n s i d e r e d ,  i t  i s  e v i d e n t  t h a t  coke s t r e n g t h  can  be  
c o r r e l a t e d  t o  t h e  mic . ro-s t ruc ture  o f  t h e  cokes.  The coke  q u a l i t y  a p p e a r s  to b e  a 
complex f u n c t i o n  of t h e  amount of p i t c h  added,  t h e  physico-chemical  p r o p e r t i e s  of 
t h e  p i t c h  and t h e  f l u i d i t y  of t h e  c o a l / p i t c h  b l e n d .  

It  should  be  emphasized t h a t  t h e  arguments  p r e s e n t e d  i n  t h i s  paper  apply  
s p e c i f i c a l l y  to  i n e r t - m a c e r a l  r i c h ,  low f l u i d ,  h i g h  rank  c o a l s .  Equat ion  2)  h a s  
so  f a r  only heen t e s t e d  f o r  t h i s  p a r t i c u l a r  type  of c o a l .  I t  is p o s s i b l e  t h a t  
o t h e r  c o a l s  may y i e l d  r e s u l t s  t h a t  do n o t  conform e x a c t l y  to t h i s  e q u a t i o n .  For  
i n s t a n c e ,  t h e  c o a l  used i n  t h i s  work had no i n h e r e n t  f l u i d i t y ,  and c o n s e q u e n t l y  a 
term f o r  the  f l u i d i t y  of  t h e  c o a l  i t s e l f  does not  a p p e a r  i n  t h e  e q u a t i o n .  However 
Equat ion 2 )  does  d e m o n s t r a t e  t h e  s t r o n g  i n t e r - r e l a t i o n s h i p  between t h e  c o n t r i b u t i o n  
of b i n d i n g  m a t e r i a l  made by t h e  p i t c h  and t h e  f l u i d i t y  of t h e  b l e n d .  

CONCLUSIONS 

High rank c o a l s  f rom w e s t e r n  Canada which are r i c h  i n  i n e r t  m a c e r a l s ,  
g e n e r a l l y  r e q u i r e  a p i t c h  a d d i t i v e  t o  produce m e t a l l u r g i c a l  g r a d e  coke .  P i t c h  
c o n c e n t r a t i o n  i n  t h e  c o a l l p i t c h  b lend  d i c t a t e s  b o t h  t h e  amount of b i n d i n g  m a t e r i a l  
made a v a i l a h l e  t n  t h e  c o a l  and the  f l u i d i t y  of t h e  b lend .  Both t h e s e  p a r a m e t e r s  
depend on t h e  phys ico-chemica l  p r o p e r t i e s  o f  t h e  p i t c h  and on t h e  e x t e n t  of i n t e r -  
a c t i o n  between t h e  p i t c h  and  t h e  c o a l .  

I n  o r d e r  t o  p r o d u c e  good q u a l i t y  coke f rom a c o a l / p i t c h  b l e n d ,  t h e  b lend  
must possess  s u f f i c i e n t  f l u i d i t y  t o  e n s u r e  a uni form and c o n t i n u o u s  d i s t r i b u t i o n  
of b i n d i n g  m a t e r i a l  th roughout  t h e  c o a l .  I n e r t  m a c e r a l s  of t h e  c a1  must be  
a d e q u a t e l y  wet ted  and bonded t o g e t h e r .  
p i t c h  is added i n  s u F f i c i e n t  amount t o  g e n e r a t e  a c o n t r o l l e d  f l u i d i t y  w i t h  enough 
b i n d i n g  m a t e r i a l  t o  a g g l o m e r a t e  t h e  coke. I f  added i n  l a r g e  amounts ,  t h e  p i t c h  can 
have  d e l e t e r i o u s  e f f e c t s  on t h e  r e s u l t a n t  coke .  The r e a s o n  why too much p i t c h  
weakens the s t r u c t u r e  i s  n o t  w e l l  u n d e r s t o o d ,  b u t  a p p e a r s  t o  be r e l a t e d  t o  t h e  
development of  microcracks  w i t h i n  t h e  coke m a t r i x .  

9 .  Optimum coke s t r e n g t h  i s  a c h i e v e d  when 
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FLGUKE 3 :  Opt ica l  Micrograph o f  Coke F I G U R E  4 :  Opt ica l  Micrograph of Coke 
Proauced from Coal With No Produced trom Coal + 5% P i t ch  
Additive Showing Poor bonding D .Showing Discontinuous Bonding 
Between Fused V i t r i n l t e  (FV) of Fused Mass (FPI) With Fusini-  
and Oxidizcd V i t r i n i t e  (OV) t i c  S t ruc tu re  (F) 

FIGURE 5 :  Optical  Micrograph of Coke FIGURE h :  
Produced from Coal+ 10% P i t c h  
D Showing Excel lent  Bonding 
of F u s i n i t i c  S t r u c t u r e  (F)  
by Fused Mass (FM) 
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Opt i ca l  Micrograph of Coke 
Produced From Loa1 + 167, Pi t ch  
D Showing Development of  Micro- 
cracks Within Fused Mass (FM) 



SYIVXETIC FUELS - PITFALLS AND PROMISE. Fred Schulman. Energy Systems 
Technology Corp . ,  927-15th S t . ,  N . W . ,  Washington, D.C .  2000.5 

Technica l  p r o c e s s  improvements and p o l i c y  r e s t r a i n t s  on OPEC's a b i l i t y  
t o  i n c r e a s e  o i l  p r i c e s  a t  w i l l  a r e  two e s s e n t i a l  components o f  a v i a b l e  
s y n t h e t i c  f u e l s  i n d u s t r y .  One wi thou t  t h e  o t h e r  s p e l l s  f r u s t r a t i o n  and 
f a i l u r e .  The Arab o i l  embargo o f  1973-74 and t h e  subsequent  f i v e - f o l d  
inc rease  i n  pe t ro leum p r i c e s  l e d  t o  m u l t i b i l l i o n  d o l l a r  programs t o  de- 
velop s y n t h e t i c  f u e l s .  Expec ta t ions  o f  a g r e a t  new s y n t h e t i c  f u e l s  i n -  
dus t ry  were u n f u l f i l l e d  as p r i c e s  2nd c o s t s  r o s e  toward t h e i r  equ iva len t -  
v a l u s - t o - o i l .  Cost d i f f e r e n t i a l s  i n  f a v o r  o f  imported o i l  c o n t i n u e  t o  
inc rhase  y e a r  by y e a r  d e s p i t e  many chemical and e n g i n e e r i n g  innova t ions .  
F o r  example, e s t ima ted  cos ts  o f  p roduc ing  s h a l e  o i l  r o s e  from $7 p e r  b b l  
i n  1973 t o  $3O/bbl t oday .  When t n e  OPEC c a r t e l  r a i s e d  o i l  p r i c e s  ano the r  
Sk$ l a s t  June ,  it became even more impor t an t  t o  encourage  domes t i c  o i l  
s roduc t ion  and t o  deve lop  energy a l t e r n a t i v e s .  OPEC's new p r i c e s  w i l l  
f o r c e  t h e  base  p r i c e  o f  s y n t h e t i c  f u e l s  t o  r i s e  t o  $46-50 by 1983. 
i i s i n g  f eeds tock  c o s t s  i m p e r i l  t h e  domestic pe t rochemica l  i n d u s t r y  and 
?ndanger chemica l  e x p o r t s .  This  pape r  d e t a i l s  some o f  t h e s e  problems and 
sugges ts  a number o f  energy p o l i c y  a c t i o n s  aimed a t  e s t a b l i s h m e n t  o f  t h e  
iones t i c  f u e l s  i n d u s t r y  on  a sound b a s i s .  

145 
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K1A O G 1  

INTRODUCTTON 

Under h y d r o c r a c k i n g  c o n d i t i o n s ,  heavy o i l s  produce d e p o s i t s  t h a t  
accumula te  on t h e  c a t a l y s t  s u r f a c e .  By p o i s o n i n g  and by h i n d e r i n g  a c c e s s i b i l i t y  
of t h e  a c t i v e  s i tes,  t h e s e  d e p o s i t s  c a u s e  f o u l i n g  of t h e  c a t a l y s t .  M a t e r i a l  
that is  so d e p o s i t e d  i s  e i t h e r  o r i g i n a l l y  p r e s e n t  i n  t h e  f e e d ,  such  as heavy 
m e t a l s  and m i n e r a l s ,  or i s  formed d u r i n g  h y d r o c r a c k i n g .  such as coke .  Not a l l  
d e p o s i t s  d e a c t i v a t e  t h e  s u r f a c e  a t  t h e  same r a t e .  I t  was e s t a b l i s h e d  by r e p e a t e d  
r e g e n e r a t i o n  t h a t  r a p i d  f o u l i n g  under  t y p i c a l  bi tumen hydrocracking  c o n d i t i o n s  
i s  caused p r i m a r i l y  by coke  f o r m a t i o n  ( 1 ) .  To o b t a i n  a l o n g e r - l a s t i n g  formu- 
l a t i o n ,  c a t a l y s t  deve lopment  should  t h e r e f o r e  f o c u s  on t y p e s  t h a t  resist coke 
format ion .  Such a n  e f f o r t  would i n v o l v e  a s y s t e m a t i c  approach  t o  c a t a l y s t  
p r o d u c t i o n  based on i n f o r m a t i o n  o b t a i n e d  i n  a g i n g  t e s t s .  

To d e t e r m i n e  t h e  t r u e  ag ing  c l i a r a c t e r i s l i c s ,  a c t u a l  p r o c e s s i n g  cond- 
i t i o n s  m u s t  be  m a i n t a i n e d  b e c a u s e  they  a f f e c t  p r o d u c t  f o r m a t i o n  and t h e r e b y  
a l s o  t h e  p r o c e s s  of d e a c t i v a t i o n .  However, a s e r i o u s  d i s a d v a n t a g e  of  a g i n g  
t e s t s  under  a c t u a l  p r o c e s s i n g  c o n d i t i o n s  is t h a t  they  a r e  s low and t h u s  consume 
a g r e a t  d e a l  of t i m e  and manpower. The t ime involved  becomes c r i t i c a l  i f  a g i n g  
c h a r a c t e r i s t i c s  a r e  r e q u i r e d  f o r  a l a r g e  number of c a t a l y s t s .  It  is t h e  purpose 
of t h i s  r e p o r t  t o  d e s c r i b e  a t e c h n i q u e  t h a t  s i m u l a t e s  c a t a l y s t  a g i n g  and pro- 
v i d e s  p r e l i m i n a r y  i n f o r m a t i o n  i n  a much s h o r t e r  t ime.  

EXPERIMENTAL EQUIPMENT AND MATERIALS 

A bench-sca le  f ixed-bed  r e a c t i o n  system was u s e d ,  i n  which t h e  

The equipment  was 
bi tumen mixed w i t h  hydrogen  flowed up through t h e  c a t a l y s t  bed c o n t i n o u s l y .  
L i q u i d  and vapour  were s e p a r a t e d  in r e c e i v e r  v e s s e l s .  
p r e v i o u s l y  d e s c r i b e d  i n  d e t a i l  ( 2 )  bu t  t h e  f o l l o w i n g  m o d i f i c a t i o n s  were made 
t o  accommodate t h e  p a r t i c u l a r  r e q u i r e m e n t s  of t h e  p r e s e n t  s t u d y  ( 3 ) :  

1. Bitumen was s t o r e d  i n  a h e a t e d  hopper  from which i t  c o u l d  be  f e d  through 
t a p s  i n t o  t w o  1000-mL b u r e t t e s  i n  a hea ted  p l a s t i c  c a b i n e t .  With a l i g h t  
p o s i t i o n e d  behind  t h e  c a b i n e t  a n d , t h e  i n s i d e  of  t h e  c a b i n e t  hea ted  t o  
about  75OC, i t  w a s  p o s s i b l e  t o  moni tor  t h e  feed  l e v e l  i n  t h e  b u r e t t e s .  
A Mil ton  Roy "Cons tamct r ic"  p u m p ,  model numbcr 'TCP 4 3 - 4 3  TJ. was used to  
f e e d  t h e  bi tumen through hea ted  l i n e s  i n t o  tlic r e a c t o r .  A p r e s s u r e  gauge 
w a s  p l a c e d  a t  t h e  pump o u t l e t  t o  m o n i t o r  p r e s s u r e  a t  t h e  pump head.  

TO r e d u c e  t h e  r e a c t o r  volume, a s t a i n l e s s  steel i n s e r t  w a s  machined t o  f i t  
i t ,  r e d u c i n g  t h e  i n s i d e  d i a m e t e r  t o  1 .27 cm from 2 . 5 4  cm b u t  m a i n t a i n i n g  
l e n g t h  a t  30.5 c m .  

2. 

146 



The c a t a l y s t  s e l e c t e d  f o r  compara t ive  r u n s  was a commercial  type  
Harshaw 0603T w i t h  3 w t  Z COO and 1 2  w t  % MOO s u p p o r t e d  o n  a l u m i n a . i n  t h e  
form o f  c y l i n d r i c a l  3.2-mm p e l l e t s .  About 1 5 8  g of  t h i s  c a t a l y s t  r e p r e s e n t e d  
a f u l l  r e a c t o r  l o a d  b u t  on ly  about  30 g c o u l d  be loaded  w i t h  t h e  i n s e r t .  The 
r a t e  of  a g i n g  w a s  e v a l u a t e d  u s i n g  Athasbasca  bitumen o b t a i n e d  from Grea t  
Canadian O i l  Sands Limited a t  F o r t  McMurray, A l b e r t a .  P r o p e r t i e s  of  t h e  feed-  
s t o c k  are l i s t e d  i n  T a b l e  1. 

TABLE I 

P r o p c r t  ies of htliah;isca Uitumcn 

S p e c i f i c  g r a v i t y  1.009 (15/15OC) Benzene i n s o l u b l e s  0.72 w t %  
Sulphur  4 .48  w t X  Carbon 86.36 w t %  
Ash 0.59 w t %  Hydrogen 10.52 w t %  
Conradson Carbon Kesidue 13.3 w t Z  Ni t rogen  0.45 w t %  

1 5 . 5  w t Z  l ' i t ch  (525OC+) 51.5 w t 9 .  Pentane  i n s o l u h l e s  

OPERATING CONDITIONS 

The c o n d i t i o n s  t h a t  a f f e c t  c a t a l y s t  d e a c t i v a t i o n  i n  a cont inuous  

The hydrocracking  p r o c e s s  c o n s i s t s  of a number of complex 
f low system a r e  t e m p e r a t u r e ,  hydrogen p r e s s u r e ,  hydrogen f low r a t e  and l i q u i d  
s p a c e  v e l o c i t y .  
r e a c t i o n  s t e p s ,  i n i t i a l l y  i n v o l v i n g  v a r i o u s  c o n s t i t u e n t s  of  bi tumen.  C a t a l y t i c  
p r o c e s s e s  on a c t i v e  s u r f a c e  s i tes  p a r t i c i p a t e  i n  some o f  t h e  r e a c t i o n  steps. 

Although i t  would be d i f f i c u l t ,  because  of complexi ty  of  t h e  react- 
i o n s ,  t o  p r e d i c t  a c c u r a t e l y  t h c  Lmpact of changes  of any p r o c e s s i n g  c o n d i t i o n .  
some o v e r a l l  e f f e c t s  c a n  be d e r i v e d  from t h e  fundamenta ls  o f  r e a c t i o n  k i n e t i c s .  
The r a t e  of i n d i v i d u a l  r e a c t i o n  s t e p s  v a r i e s  w i t h  t e m p e r a t u r e  and c o n c e n t r a t i o n  
of r e a c t a n t s .  
i n g  tempera ture ,  whereas  hydrogenat ion  r e a c t i o n s  a c c e l e r a t e  w i t h  i n c r e a s i n g  
hydrogen p r e s s u r e .  Coke [ormation depends on  t h e  r a t e s  of c r a c k i n g  and dehydro-  
g e n a t i o n ,  fol lowed by p o l y m e r i z a t i o n .  T h e r e f o r e  c o k e  f o r m a t i o n  accelerates w i t h  
i n c r e a s i n g  tempera ture  and d e c r e a s i n g  hydrogen p r e s s u r e .  

Cracking  r e a c t i o n s  a r e  endothermic  and a c c e l e r a t e  w i t h  i n c r e a s -  

The c o n d i t i o n s  f o r  "s imula ted  ag ing"  were chosen by per forming  a 
series of  s c r e e n i n g  e x p e r i m e n t s  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  v a r i a t i o n s  i n  
space  v e l o c i t y  and t e m p e r a t u r e .  The e f f e c t  of  hydrogen p r e s s u r e  on ca ta lys t  
a g i n g  w a s  s t u d i e d  p r e v i o u s l y  u s i n g  a d i f f e r e n t  e x p e r i m e n t a l  sys tem ( 4 ) .  
t h e  p r e s e n t  s t u d y ,  t h e  hydrogen p r e s s u r e  was main ta ined  c o n s t a n t  a t  13.9 MPa 
f o r  a l l  t e s t s ,  which is w i t h i n  t h e  p r a c t i c a l  r a n g e  f o r  hydrocracking .  A sat- 
i s f a c t o r y  e f f e c t  c o u l d  n o t  have been a c h i e v e d  by v a r y i n g  o n l y  s p a c e  v e l o c i t y ;  
a n  i n c r e a s e  i n  t e m p e r a t u r e  w a s  a l s o  n e c e s s a r y  t o  r e d u c e  a g i n g  t ime s u f f i c i e n t l y .  
A f t e r  some p r e l i m i n a r y  e x p e r i m e n t a t i o n ,  o p t i m y  d e a c t i v a t i o n  c o n d i t i o n s  were 
found t o  p r e v a i l  w i t h  a s p a c e  v e l o c i t y  of  5 h 

I n  

and a t  a t e m p e r a t u r e  of  495OC. 

The f o l l o w i n g  series of tests under  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  
a r e  documented i n  t h e  p r e s e n t  r e p o r t :  

S e r i e s  1 

True  o r  base  d e a c t i v a t i o n  t a t ' s  were measured a t  45OoC and a t  a l i q u i d  volumet- 
r i c  s p a c e  v e l o c i t y  o f  1 h- based o n  t h c  r e a c t o r  vo  ume packed w i t h  t h e  c a t a l y s t  
p e l l e t s .  The c o r r e s p o n d i n g  feed  ra te  was 152 mL h as no i n s  r t  was p laced  i n  
t h e  r e a c t o r .  The hydrogen f low rate w a s  m a i n t a i n e d  a t  35.6 cm's-l a t  STP. T h i s  
test is r e f e r r e d  t o  a s  t r u e  a g i n g  and  was r u n  c o n t i n u o u s l y  f o r  56 h o u r s ,  and 
then  p e r i o d i c a l l y  in f i v e  - to  e i g h t - h o u r  i n t e r v a l s ,  t o t a l l i n g  a b o u t  200 hours  
i n  a l l .  Analyses  were performed on samples  of  t h e  l i q u i d  p r o d u c t  accumulated 
i n  two t o  f i v e  hour's of  o p e r a t i o n .  

-i 
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S e r i e s  2 

High s p a c e  v e l o c i t y  tests were performed under  t h e  same c o n d i t i o n s  as  f o r  t r u e  
a g i n g  - 1 3 . 9  m a ,  450°C. and w i t h o u t  i n s e r t  - e x c e p t  f o r  a d i f f e r e n t  a r rangement  
of space  v e l o c i t i e s .  C a t a l y s t  a g i n g  w a s  c a r r i e d  o t i n  two 12-hour p e r i o d s  
d u r i n 5  YPich space v e l o c i t y  w. ib  m a i n t a i n e d  :it 5 Ii 

95 c m  s a t  STP. 
was d e t  rm'ned by changing  t h e  s p a c e  v e l o c i t y  to  1 h- , t h e  hydrogen f low t o  
35.6 c>s-* a t  STP f o r  two hours  and a n a l y z i n g  t h c  l i q u i d  sample t h a t  accumulated 
d u r i n g  t h e s e  two h o u r s .  

S c r i c s  3 

-Y , and t h e  hydrogen f low a t  
The l e v e l  of n c t i v i t y .  i n i t i a l l y  anf a f t e r  e a c h  12-hour p e r i o d  

Simulated d e a c t i v a t i o n  rates were measured a t  h igh  tempera ture  and h i g h  space  
v e l o c i t l .  
of 5 h . 
was 181 mL.h . The hydrogen f low r a t e  was main ta ined  a t  a b o u t  70 cm3s-' a t  STP. 
The s e r i e s  was r e f e r r e d  t o  as  s i m u l a t e d  a g i n g  and was r u n  c o n t i n o u s l y  f o r  32 
hours .  The l i q u i d  product  t h a t  accumula ted  d u r i n g  e a c h  hour o f  o p e r a t i o n  was 
withdrawn f o r  a n a l y s i s .  

S e r i e s  4 

A l i n k  between s i m u l a t e d  a g i n g  and t r u e  a g i n g  w a s  sought  by a d d i t i o n a l  tests i n  
t h e  f o l l o w i n g  manner. The s i m u l a t e d  a g i n g  c o n d i t i o n s  were a p p l i e d  f o r  a p e r i o d  
of t i m e  and were t h e n  changed t o  match t h e  t r u e  a g i n g  c o n d i t i o n s  f o r  approximate ly  
two hours  d u r i n g  which two l i q u i d  samples  were o b t a i n e d .  The r u n  was then  
t e r m i n a t e d ,  thc r e a c t o r  r c - lo ; idcd  w i t h  a frcssli c a t a l y s t ,  and t h e  tes t  was rep-  
e a t e d  f o r  a d i f f e r e n t  t ime p e r i o d  under  s i m u l a t e d  a g i n g  c o n d i t i o n s .  Three  
d i f f e r e n t  time p e r i o d s  - 2, 4 and 6 h o u r s ,  r e s p e c t i v e l y  - under  s i m u l a t e d  a g i n g  
c o n d i t i o n s  were examined. 
a g i p g  t e s t  w a s  run  a t  495OC w i t h  t h e  f e e d  r a  e of 760mL.h- , s p a c e  v e l o c i t y  of 
5h , and t h e  hydrogen f l o w  r a t e  a t  70 cm3s-' a t  ST1'. 

T h i s  tes t  was r u n  a t  495OC and a l i q u i d  v o l u m e t r i c  s p a c e  v e l o c i t y  
Thy i n s e r t  w a s  p laced  i n  t h e  r e a c t o r  and t h e  c o r r e s p o n d i n g  f e  d rate 

N o  i n s e r t  was p laced  i n  t h c  r c a f t o r  and t h e  s i m u l a t e d  

S e v e r a l  p r o c e s s i n g  c o n d i t i o n s  were a p p l i e d  d i f f e r e n t l y  i n  e a c h  s e r i e s  
of t e s t s .  For i n s t a n c e ,  i n  S e r i e s  2. t h e  s p a c e  v e l o c i t y  was f i v e  times g r e a t e r  
t h a n  i n  S e r i e s  1, whereas  t h e  g a s  f l o w  r a t e  was only  a b o u t  t h r e e  times g r e a t e r .  
I n  S e r i e s  1, t h e  g a s  f1ow:feed r a t i o  w a s  lower t h a n  i n  S e r i e s  3 ,  b u t  h i g h e r  
than  i n  t h e  s imula ted  a g i n g  i n  S e r i e s  4 .  I n  a d d i t i o n ,  t h c  1 e n g t h : d i a m e t e r  r a t i o  
was i n c r e a s e d  i n  S e r i e s  3 by p l a c i n g  t h e  i n s e r t  i n  t h e  r e a c t o r ,  t h e r e b y  i n c r e a s -  
ing  t h e  l i n e a r  v e 1 o c i t y : s p a c e  v e l o c i t y  ra t io  through t h e  c a t a l y s t  bed.  The 
use  of t h e  i n s e r t  and v a r y i n g  f low reg ime r e s u l t e d  from e x p e r i e n c e  w i t h  t h e  
exper imenta l  system and f a c i l i t a t e d  smooth o p e r a t i o n .  The changes made were 
necessary  t o  prevent  t h e  r e a c t o r  p l u g g i n g  and to  m a i n t a i n  t e m p e r a t u r e  p r o f i l e s  
w i t h i n  t h e  catalyst  bed.  

Thc impact 01 incrc ; i s ing  t e m p e r a t u r e  and s p a c e  v c l o c i t y  i s  d i s c u s s e d  
i n  t h e  next  s e c t i o n  of  t h i s  r e p o r t .  V a r i a t i o n s  i n  hydrogen f l o w  a r e  n o t  con- 
s i d e r e d  s i g n i f i c a n t  f o r  t h e  p u r p o s c  o f  t h i s  i n v e s t i g a t i o n ,  because  a n  e x c e s s  
of hydrogen was used i n  a l l  e x p o r i m e n t s  and because  hydrogen f l o w  seemed t o  
e x h i b i t  o n l y  a small e f f e c t  on p r o d u c t  f o r m a t i o n  ( 5 ) .  

RESULTS AND DISCUSSION 

True Aging 

The d e a c t i v a t i o n  p a t t e r n  is shown i n  F ig .1  i n  terms of a n  i n c r e a s e  i n  
t h e  s p e c i f i c  g r a v i t y  of the l i q u i d  product  and an i n c r e a s e  in  its s u l p h u r  
c o n t e n t .  I t  can b e  p r e d i c t e d  by e x t r a p o l a t i o n  t h a t  f u r t h e r  d e a c t i v a t i o n  would 
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be recorded  beyond 200 h o u r s  of o p e r a t i o n .  However, i t  c a n  be  seen  t h a t  de-  
a c t i v a t i o n  is more r a p i d  i n  t h e  e a r l y  s t a g e s  of t h e  t es t  t h a n  i n  t h e  l a t e r  
s t a g e s .  S i n c e  d e a c t i v a t i o n  d e c e l e r a t e s  w i t h  t i m e .  t h e  c u r v e s  i n  F i g . 3  may 
e v e n t u a l l y  l e v e l  o f f ,  i n d i c a t i n g  a c o n s t a n t  a c t i v i t y .  The d e c e l e r a t i n g  de-  
a c t i v a t i o n  is i n  agreement  w i t h  r e s u l t s  of a p r e v i o u s  s t u d y  which a l s o  showed 
t h a t  t h i s  l e v e l i n g - o f f  is r e l a t i v e l y  more pronounced and t a k e s  p l a c e  e a r l i e r  
w i t h  i n c r e a s i n g  hydrogen p r e s s u r e  ( 4 ) .  Whether a s t a t e  o f  c o n s t a n t  a c t i v i t y  
i n  f a c t  e x i s t s  is n o t  known as t h e  p a t t e r n s  i n  F i g . 1  c a n n o t  be  e x t r a p o l a t e d  
w i t h  any p r e c i s i o n .  Furthermore.  t e s t s  c a r r i e d  o u t  c o n t i n u o u s l y  f o r  l o n g e r  
than 200 h o u r s  of o p e r a t i o n  are  n e c e s s a r y  t o  d e t e r m i n e  d e a c t i v a t i o n  p a t t e r n s  
t h a t  a r e  u n a f f e c t e d  by s t a r t - u p  and shut-down p r o c e d u r e s .  These long-term 
t e s t s  a r e  to  be performed on a s p e c i a l  t e s t i n g  system p r e s e n t l y  under  con- 
s t r u c t i o n .  

High Space V e l o c i t y  

The r e s u l t s  of t h e  h igh  space  v e l o c i t y  tests i n c l u d e d  a n a l y t i c a l  
d a t a  on  l i q u i d  p r o d u c t  samples  o b t a i n e d  f o r  bo th  h igh  and b a s e  s p a c e  v e l o c i t i e s  
of t h i s  s e r i e s .  The r e s u l t s  f o r  t h e  b a s e  s p a c e  v e l o c i t i e s  s e r v e d  a s  a measure 
of d e a c t i v a t i o n  a f t c r  comple t ing  a p e r i o d  w i t l i  h igh  s p a c e  v e l o c i t y .  The de- 
a c t i v a t i o n  i s  i n d i c a t e d  i n  t h e  l e f t - h a n d  s i d e  o f  F i g . 1 ,  

A f i v e - f o l d  i n c r e a s e  i n  feed ra te  had an i n s i g n i f i c a n t  e f f e c t  o n  t h e  
r a t e  of d e a c t i v a t i o n .  One could  r a t i o n a l i z e  t h i s  f i n d i n g  by assuming t h a t  
lower c o n v e r s i o n s  caused  by reduced r e s i d e n c e  t i m e  would compensate  f o r  t h e  
g r e a t e r  feed  r a t e  i n  r e l a t i o n  t o  coke f o r m a t i o n .  However. a more d e t a i l e d  
a n a l y s i s  would r e v e a l  t h a t  t h e  r e l a t i o n s h i p  between t h e  s p a c e  v e l o c i t y  and t h e  
r a t e  of  d e a c t i v a t i o n  may be  more complex, main ly  because  of  t h e  mult icomponent  
s t r u c t u r e  of  t h e  r e a c t i o n  system. The c o n c e n t r a t i o n  of r e a c t i o n  c o n s t i t u e n t s  
depends on  t h e x a t e s  of  t h e i r  format ion  and d e p l e t i o n .  Thus t h e  to ta l  y i e l d  o f  
a component may n o t  he a monotonic f u n c t i o n  of t h e  r e s i d e n c e  t i m e .  I f  some 
coke p r e c u r s o r s  react f a s t e r  than  o t h e r s ,  t h e n  t h e i r  p a r t i c i p a t i o n  i n  t o t a l  cokc 
format ion  depends on  t h e  s p a c e  v e l o c i t y ,  a change i n  which may c o n s e q u e n t l y  be 
r e f l e c t e d  i n  both  t h e  q u a n t i t y  and t h e  q u a l i t y  of t h e  coke  d e p o s i t s .  I n  a d d i t i o n  
t o  chemical  phenomena, mechanica l  r e g e n e r a t i o n  may t a k e  p l a c e  whereby p a r t i c l e s  
of coke are d e t a c h e d  from t h e  s u r f a c e  by a b r a s i o n  or by d i s s o l u t i o n  o f  t h e  bind-  
ing  carbonaceous  m a t e r i a l .  Should n s imi l a r  p r o c e s s  t a k e  p l a c e  w h i l e  bi tumen 
is used,  i t  would b e  enhanced by i n c r e a s i n g  t h e  s p a c e  v e l o c i t y .  

The h igh  space  v e l o c i t y  s e r i e s  i n d i c a t e d  t h a t  t h e  d e s i r e d  e f f e c t  
could  n o t  be  e s t a b l i s h e d  by changing t h e  s p a c e  v e l o c i t y  a t  b a s e  t e m p e r a t u r e .  
To a c c e l e r a t e  a g i n g  s u b s t a n t i a l l y ,  t h e  c a t a l y s t  f o u l i n g  was s i m u l a t e d  a t  a 
h i g h e r  r e a c t i o n  t e m p e r a t u r e .  The term s i m u l a t e d  a g i n g  is used  t o  emphasize 
t h e  s e v e r e  consequences of  t h e  change i n  t e m p e r a t u r e .  

Simulated Aging 

The r e s u l t s  of  t h e  s imula ted  a g i n g  tests a r e  shown i n  F i g . 2 .  The 
a c t i v i t y  dropped r a p i d l y  i n  t h e  f i r s t  p e r i o d  of  t h e  r u n ,  l e v e l e d  o f f ,  and 
remained approximate ly  c o n s t a n t  beyond 1 5  h o u r s  of  o p e r a t i o n .  

The performance under  s i m u l a t e d  a g i n g  r e f l e c t e d  t h e  e f f e c t  of bo th  
h igh  tempera ture  and h igh  space v c l o c i t y .  The performance seemed t o  he more 
s e n s i t i v e  t o  t e m p e r a t u r e ,  p a r t i c u l a r l y  w i t l i  r e s p e c t  to’ the p i t c h  f r a c t i o n  of  
t h e  bitumen. The i n i t i a l  h igh  p i t c h  c o n v e r s i o n  observed  c o u l d  r e s u l t  f rom 
molecular  weight  r e d u c t i o n  o r  growth.  Molecular  growth would r e s u l t  i n  
p r e c i p i t a t i o n  of coke ,  most o f  which would be r e t a i n e d  on  t h e  c a t a l y s t  s u r f a c e  
and r e a c t o r  walls.  The moleculor  weight  r c d u c t i o n  by c r a c k i n g  would g e n e r a t e  
compounds having a lower b o i l i n g  p o i n t  t h a n  t h o s e  c o n t a i n e d  i n  t h e  p i t c h .  It 
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is a p p a r e n t  t h a t ,  whereas  both  of  t h c  l a t t e r  p r o c e s s e s  Iiavc taken  p l a c e  s imul-  
t a n e o u s l y ,  t h e  growth  r a t e  was much s m a l l e r  because  t h e  amount of coke  formed 
a c c o u n t s  f o r  o n l y  a f r a c t i o n  of  t h e  p i t c h  c o n v e r t e d .  However, t h e  h i g h  temper- 
a t u r e  of s i m u l a t e d  a g i n g  compared w i t h  t r u e  a g i n g  s h i f t e d  t h e  b a l a n c e  towards 
coke  format ion  a s  r e f l e c t e d  i n  r a p i d  c a t a l y s t  d e a c t i v a t i o n .  

L e s s  e x t e n s i v e  h y d r o g e n a t i o n  under s i m u l a t e d  a g i n g  c o n d i t i o n s ,  
i n d i c a t e d  by a l o w  H:C r a t i o ,  was presumably due t o  a h i g h  a r o m a t i c  carbon 
c o n t e n t .  An a n a l y s i s  by F o u r i e r  Transform C-13 N.M.R.  i n d i c a t e d  t h a t  t h e  
u n s a t u r a t e d  c a r b o n  r e p r e s e n t e d  a b o u t  30% of t h e  t o t a l  carbon i n  t h e  i n i t i a l  
p r o d u c t  of s i m u l a t e d  a g i n g  com a r e d  w i t h  a b o u t  20% of t h a t  o f  t r u e  a g i n g .  The 
f o l l o w i n g  r e a s o n s  may be c o n s '  1 c r c d  to a c c o u n t  f o r  changes  i n  t h e  a r o m a t i c  
c a r b o n  c o n t e n t .  More e x t e n s i v e  s p l i t t i n g  of s i d e  c h a i n s  from a r o m a t i c  r l n g s  
caused  by t h e  h i g h e r  t e m p e r a t u r e  could  liave y i e l d e d  more g a s  i n  t h e  product .  
A p a r t  from h y d r o c r a c k i n g  r e a c t i o n s ,  t h e  h i g h e r  t e m p e r a t u r e  a l s o  s h i f t s  t h e  
naphthenes-aromat ics  e q u i l i b r i a  towards  f o r m a t i o n  of a r o m a t i c s  (6) .  I n  add- 
i t i o n  t o  t h e  t e m p e r a t u r e  e f f e c t s ,  t h e  h i g h  s p a c e  v e l o c i t y  of s i m u l a t e d  ag ing  
may have h i n d e r e d  t h e  e x t e n t  of  hydrogcnat ion  hccausc  of t h e  s h o r t e r  c o n t a c t  
t ime . 
Link between S i m u l a t e d  and True  Aging 

S i n c e  t h e  r a t e  of d e a c t i v a t i o n  under  s i m u l a t e d  a g i n g  c o n d i t i o n s  
c o u l d  not  e a s i l y  be  r e l a t e d  t o  t h e  r a t e  of  d e a c t i v a t i o n  under  t r u e  a g i n g  
c o n d i t i o n s ,  a s e r i e s  of  e x p e r i m e n t s  was performed i n  which a l i n k  was sought  
between s i m u l a t e d  and t r u e  a g i n g .  The purpose  of t h e s e  exper iments  w a s  t o  
measure t h e  l e v e l  of a c t i v i t y  under  t r u e  a g i n g  c o n d i t i o n s  a f t e r  t h e  c a t a l y s t  
had been s u b j e c t e d  to  s i m u l a t c d  a g i n g  c o n d i t i o n s  f o r  a c c r t a i n  p e r i o d  of 
t ime,  and t h e n  t o  g r a p h i c a l l y  e s t i m a t e  t h e  t i m e  i n  which t h e  c a t a l y s t  would 
d e t e r i o r a t e  enough t o  r e a c h  t h i s  l e v e l  of a c t i v i t y  w h i l e  being s u b j e c t e d  t o  
t r u e  ag ing  c o n d i t i o n s .  

The a c t i v i t y  l e v e l s  de te rmined  f o r  t h r e e  d i f f e r e n t  t i m e  p e r i o d s  under  
s i m u l a t e d  a g i n g  a r e  marked on t h e  r igh t -hand s i d e  of t h e  c u r v e s  i n  F i g . 1 .  By 
a p p l y i n g  t h e s e  r e s u l t s  i t  was e s t i m a t e d  t h a t  2 h o u r s  of  o p e r a t i o n  under  s i m u l -  
a t e d  ag ing  c o n d i t i o n s  would cor respond t o  about  50-70 hours  under  t r u e  ag ing .  
and s i m i l a r l y ,  4 h o u r s  t o  100-150 h o u r s ,  and 6 h o u r s  to  150-200 h o u r s .  Hence, 
assuming t h a t  s i m u l a t e d  a g i n g  is  a p p r o x i m a t e l y  30 t i m e s  f a s t e r  t h a n  t r u e  a g i n g ,  
one  could  e x t r a p o l a t e  t h c  p a t t c r n  of t r u e  a g i n g  and s p c c u l a t e  t h a t  i t  would 
l e v e l  o f f  i n  a b o u t  400 h o u r s  of o p e r a t i o n .  

E s t i m a t i n g  t h e  l i n k  hetwecn t r u e  and s i m u l a t e d  ag ing  i n  F i g . 1  i s  an  
approximat ion  o n l y .  However, i t  is a p p a r e n t  t h a t  by u s i n g  s i m u l a t e d  a g i n g  
c o n d i t i o n s ,  t h e  d e a c t i v a t i o n  was a c c e l e r a t e d  s u f f i c i e n t l y  t o  proceed s u b s t a n t -  
i a l l y  i n  a v e r y  s h o r t  t i m e .  I t  i s  expec ted  t h a t  by a p p l y i n g  t h i s  method t o  a 
number of c a t a l y s t s ,  p r e l i m i n a r y  i n f o r m a t i o n  c a n  be o b t a i n e d  by comparing t h e i r  
d e a c t i v a t i o n  p a t t e r n s  such  a s  t h e  one shown i n  F i g . 2 .  T h i s  i n f o r m a t i o n  would 
t h e n  be a v a i l a b l e  e i t h e r  i n  a d d i t i o n  to  t h e  t r u e  a g i n g  d a t a ,  or f o r  u s e  w i t h  
c a t a l y s t s  on which t r u e  a g i n g  tests a r e  n o t  w a r r a n t e d .  
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REMOVAL O F  ORGANIC SULFUR FROM COAL:  THE USE OF LIQUID SULFUR DIOXIDE 
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ABSTRACT 

The u t i l i t y  of l iquid SO, for  the removal of organic su l fur  from 
several Eastern bituminous coals has been explored. Reactions were carried 
o u t  in sealed f r i t t e d  glass tubes a t  elevated temperatures; a f t e r  subse- 
quent washing, the coal was analyzed for  su l fur  content. Approximately 
40% of the organic su l fur  could be removed in these simple exploratory 
experiments. 
portion of the coal was extracted. The extract  from selected coals was 
characterized by thin-layer chromatography, by nmr  ( ' H  and 1 3 C )  and infrared 
spectroscopy, and by field-ionization mass spectrometry. For comparison, 
extractions with phenol a n d  p c r e s o l ,  under s imilar  conditions, were also 
examined. The resul ts  of these preliminary investigations warrant fur ther  
research to es tabl ish optimum conditions f o r  the removal of  su l fur  compounds 
from coal by treatment with l iquid SO2 and t o  f a c i l i t a t e  removal of residual 
SO2 from the coal. 

In addition, comminution of most of the coals occurred and  a 

I NTRO DUCT1 ON 

Sol vent extraction has been extensively used f o r  compositional 
characterization of coals. 1'2 Several exis t ing coal refining p r o c e s s e ~ ~ - ~  
use solvent treatment, along with pressurized hydrogen t o  f a c i l i t a t e  some 
degree of desulfurization. 
used t o  remove organic su l fur  compounds from petroleum on a commercial 
scale.6 The ab i l i ty  of l iquid SO2 t o  dis integrate  various coals has been 
exploited to  produce low-sulfur coal powders via release of  pyri te .7  
Utilization of l iquid SO2 treatment of coal for  the removal of organic 
su l fur ,  however, has not been investigated. In th i s  paper we report 
the  resul ts  of a se t  of preliminary experiments in which the  effectiveness 
of l iquid SO2 f o r  removal of organic sulfur  from bituminous coals PSOC 194, 
267, 270, and  319 was investigated. 

Treatment w i t h  1 i q u i d  SO, has been successfully 

EXPERIMENTAL 

Procedures for the manipulation and preparation of the su l fur  dioxide 
(Matheson, anhydrous) have been described previously. 
were obtained from the Coal Research Section, Pennsylvania State  University. 
All other  materials were of commercial or igin a n d  used as received. 

Coal samples 
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Reactions were c a r r i e d  out i n  b o r o s i l i c a t e  glass tubes f i t t e d  
w i t h  a mdium-poros i ty  f r i t t e d  glass f i l t e r  t o  p rov ide  two chambers o f  ca. 
20 mL capac i ty  each. l ass  tub ing  of- 
d i f f e r e n t  s izes :  one end pe rm i t ted  i n t r o d u c t i o n  o f  lump f ~ .  1 cm) coal  
and t h e  o the r  end f a c i l i t a t e d  easy sea l i ng  under vacuum. For reac t i ons  
a t  e leva ted  temperatures, these tubes were placed i n  a Par r  model 4641 
autoclave reac tor .  

sample (G. 5 g) sealed on one end, and thoroughly evacuated. 
d i s t i l l a t i o n  o f  s u l f u r  d iox ide  (s. 8 mL) i n t o  t h e  tube a t  -78"C, t h e  
reac t i on  tube was cooled t o  -196°C and sealed a t  t h e  o t h e r  end. Upon 
warming to room temperature, t he  tube, along w i t h  o thers ,  was p laced i n  
the  autoclave and t h e  autoclave was evacuated. The autoclave was then 
charged w i t h  g. 100 mL o f  l i q u i d  SO, t o  p rov ide  backing pressure f o r  t he  
reac t i on  tubes a t  e leva ted  temperatures, closed, and heated a t  z. 4"C/min 
t o  t h e  reac t ion  temperature. 
f o r  60 min, t h e  autoclave was cooled, depressurized, and opened. 
reac t i on  tube was then i n v e r t e d  i n  a c o l d  bath a t  -78°C t o  separate the  
l i q u i d  SO, from the  coal by f i l t e r a t i o n  v i a  the  i n t e r n a l  frit. The red  t o  
orange co lo red  l i q u i d  SO, s o l u t i o n  was frozen, t h e  tube was opened, the  
coal  was t r a n s f e r r e d  t o  another conta iner ,  and a l l  v o l a t i l e  ma te r ia l s  were 
a l lowed t o  evaporate over  a two hour per iod .  The viscous, o i l y  e x t r a c t  
remaining a f t e r  evapora t ion  o f  the l i q u i d  SO, was re ta ined  f o r  subsequent 
ana lys is .  
Buchner funnel w i t h  sequent ia l  a l i q u o t s  o f  d i s t i l l e d  water,  acetone, water, 
3.8 M n i t r i c  acid,  water,  and acetone u n t i l  no ye l low c o l o r  was observed i n  
each wash l i q u i d .  
I n  separate washing experiments w i t h  t h e  raw coals,  no ye l l ow  c o l o r  was 
observed i n  the wash l i q u i d s ;  subsequent s u l f u r  analyses o f  t he  coal 
i nd i ca ted  t h a t  on l y  i no rgan ic  s u l f u r  was removed from the  raw coal by t h i s  
wash procedure. 

For  comparison o f  t he  r e s u l t s  o f  these c o a l / l  i q u i d  SO2 experiments, 
two o the r  types o f  experiments were a l s o  run. Authent ic  samples o f  i r o n  
p y r i t e  were t r e a t e d  w i t h  l i q u i d  SO2 and l i q u i d  S0,/H20 mix tu res  a t  100°C 
us ing  procedures analogous t o  those descr ibed above; no apparent reac t i on  
occurred. 
and p-cresol  i n  s e a l x  tubes a t  181" and 2OOoC, respec t i ve l y .  
subsequently washed i n  a Buchner funnel w i t h  d i s t i l l e d  water  and acetone, 
d r i e d  a t  l l O ° C ,  and analyzed f o r  s u l f u r .  

A l l  s u l f u r  analyses, a t  l e a s t  i n  t r i p l i c a t e ,  were accomplished w i t h  a 
, F isher  m d e l  470 s u l f u r  analyser. 

on a Varian model MAT CH5 spectrometer w i t h  sample temperatures from 120"- 
280°C. The 'H and 1 3 C  nmr spectra w e r e  recorded on a JEOL FX9OQ Four ie r  
t rans form spectrometer f i t t e d  w i t h  a broadband probe and deuterium lock .  
Samples were i n  CDCl, s o l u t i o n  w i t h  i n t e r n a l  TMS reference. 
of t he  e x t r a c t  ( t h i n  f i l m  on NaCl p la tes )  were recorded on a Perkin E l m e r  
model 621 spectrometer. Th in - layer  chromatography o f  t h e  e x t r a c t  was 
c a r r i e d  ou t  w i t h  the  nmr sample so lu t i ons  us ing  s i l i c a  gel (S i -30)  p la tes .  
E l u t i o n  was accomplished w i t h  10% acetone/hexane, 30% acetone/hexane, and 
absolute e thano l ;  e i t h e r  I, vapor o r  phosphomolybdic a c i d  ( 5 %  w/v i n  ethanol)  
was used t o  develop t h e  p la tes .  

The chambers w e r e  te rmina ted  w i t h  

I n  a t y p i c a l  experiment, t h e  reac t i on  tube was charged w i t h  a coal  
A f t e r  

A f t e r  maintenance o f  t he  reac t i on  temperature 
Each 

The t r e a t e d  coal  was washed f o r  a n a l y t i c a l  purposes i n  a 

The coal  was then d r i e d  a t  110°C and analyzed f o r  s u l f u r .  

Samples (ca. 4 9) o f  PSOC 267 were t r e a t e d  w i t h  10 mL o f  phenol 
The coal  was 

F i e l d - i o n i z a t i o n  mass spectra were obtained 

I n f r a r e d  spectra 
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RESULTS AND DISCUSSION 

Precombustion d e s u l f u r i z a t i o n  o f  coal has been a t o p i c  o f  immense 
i n t e r e s t  and importancelO*ll s ince i t  o f f e r s  an a l t e r n a t i v e  t o  i n s t a l l a t i o n  
and opera t ion  o f  expensive post-combustion scrubbers f o r  conventional 
combustion systems. Although a v a r i e t y  o f  processes are ava i l ab le  f o r  
precombustion removal o f  inorgan ic  s u l f u r  compounds, p r a c t i c a l  procedures 
f o r  removal o f  cova len t l y  bound organic s u l f u r  are r e l a t i v e l y  uncommon. 
Thus, app l i ca t i on  o f  novel  chemical approaches t o  t h e  problem would appear 
t o  be appropr iate.  Ea r l y  reports12 o f  t h e  a b i l i t y  o f  l i q u i d  SO2 t o  
d i s in teg ra te  a v a r i e t y  o f  coals and t o  e x t r a c t  a p o r t i o n  o f  the  coal a long 
w i t h  our  previous experience w i t h  t h i s  so l ven t  suggested i n v e s t i g a t i o n  o f  
t h e  u t i l i t y  o f  l i q u i d  SO2 as a means o f  removing organic s u l f u r  from coal .  
If successful ,  such a procedure would u t i l i z e  a p o l l u t a n t  t o  remove t h e  
source o f  t h a t  p o l l u t a n t .  

L i q u i d  s u l f u r  d iox ide  i s  recognized as an e x c e l l e n t  so l ven t  f o r  
aromatic, he te rocyc l i c ,  and a l k y l  s u l f i d e s 8  which can be der ived  from 
coa1.1,2y13 As a l i q u i d ,  SO2 i s  n o t  e a s i l y  ox id i zed  o r  reduced and t h e  
adducts responsible f o r  i t s  so lvent  p roper t i es  are both thermal ly  and 
h y d r o l y t i c a l l y  l a b i l e ; 8  thus any contaminat ion o f  t h e  coal by res idua l  
s u l f u r  d iox ide  should be r e a d i l y  e l im ina ted .  Although o t h e r  i n t e r a c t i o n s  
and reac t ions  w i l l  be considered i n  f u t u r e  repor ts ,  on l y  reac t ions  based 
on the m i l d  Lewis a c i d  c h a r a c t e r i s t i c s  o f  l i q u i d  SO2 are o f  importance 
here. Thus, the  reac t i on  o f  s ign i f i cance  i s  summarized by Eq.1: 

I I 
-s :  .. f so2 -+ -?:SO2 ( 1 )  

Products from t h i s  reac t i on  are usua l l y  h i g h l y  co lo red  and h i g h l y  so lub le  
i n  l i q u i d  SO,.8 Physical  d i s i n t e g r a t i o n  o f  t h e  coal by l i q u i d  SO,, p robab ly  
v ia  s i m i l a r  donor-acceptor reac t ions  w i t h  aromat ic,  amine, and oxygen 
conta in ing  func t i ona l  groups, would serve t o  promote t h e  reac t i on  i n  Eq.1. 
I t  should be emphasized t h a t  f requen t l y ,  t h e  chemical p roper t i es  o f  l i q u i d  
SO2 can be s i g n i f i c a n t l y  a l t e r e d  by the  presence o f  cosolvents;8 o f ten ,  
undesirable s ide reac t ions  occur i n  such mixed media. 

The c h a r a c t e r i s t i c s  o f  t h e  bituminous coa ls  u t i l i z e d  i n  these 
p re l im ina ry  i nves t i ga t i ons  are given i n  Table I; our  s u l f u r  analyses are 
given i n  parentheses. 
s i g n i f i c a n t  amounts o f  o rgan ic  s u l f u r  b u t  l i t t l e  p y r i t i c  s u l f u r  which 
might confuse i n t e r p r e t a t i o n  o f  p re l im ina ry  resu l t s .  Our analyses o f  
PSOC 270 reveal  t h a t ,  a l though the  lumps i n  our  sample had t h e  composi t ion 
i nd i ca ted  i n  Table I, t h e  f i nes  i n  ou r  sample had a s u l f u r  content o f  
- ca. 6% w i t h  the add i t i ona l  s u l f u r  being p y r i t i c .  A l l  r e s u l t s  repor ted  here 
concern the  lump coal o f  PSOC 270. For comparison, PSOC 194 which conta ins  
both p y r i t i c  and organ ic  s u l f u r  and PSOC 319 which contains on ly  p y r i t i c  
s u l f u r  were a lso  examined. Use o f  t h e  f r i t t e d  glass reac t i on  tubes 
f a c i l i t a t e d  observat ion o f  reac t ions ,  i s o l a t i o n  o f  the  ex t rac ted  ma te r ia l ,  
and r a p i d  examination o f  several  coals and reac t i on  cond i t ions .  

The r e s u l t s  are summarized i n  Table 11. A t  room temperature, 
l i q u i d  SO2 r e a d i l y  wets each o f  t h e  coals and begins t o  develop a ye l l ow  
c o l o r  upon contac t .  The ye l l ow  c o l o r  becomes more in tense upon s tand ing  
and changes t o  intense orange o r  red-orange a f t e r  heat ing.  
i nd i ca tes  the  d i s s o l u t i o n  o f  donor-acceptor compounds formed between 
t h e  so lvent  and coal cons t i t uen ts ;  t h e  inc reas ing  i n t e n s i t y  accompanies 

PSOC 267 and 270 were chosen since they  conta in  

The c o l o r  
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an increasing concentration of these adducts. Disintegration of coal 
lumps was observed f o r  PSOC 267, 270, and 319; the extent of dis inte-  
gration increases progressively in the order l i s t e d .  Although lumps of 
PSOC 194 were not dis integrated,  close examination revealed appreciable 
swelling a n d  expansion along f issures .  
only mechanical agi ta t ion used d u r i n g  these experiments was a mild shaking 
of the tubes t o  i n i t i a l l y  mix the materials. 
appear t o  be an obvious pattern which links maceral content t o  degree of 
disintegration . 

Inspection of Table I1 reveals t h a t  s ignif icant  amounts of SO, are 
retained on the coal (Exp. 1 ) .  Effective removal of th i s  residual SO2 i s  
essent ia l .  
solutions were less  e f fec t ive  t h a n  the wash solution used in Exp. 2 .  When 
used alone, organic solvents are  more e f fec t ive  than mineral acid o r  base 
(compare Exp. 2 and 3 with Exp. 4 ,  5,  and 6 ) .  The u t i l i t y  of washing with 
the organic l iquids  f o r  removal of the yellow SO2 adducts increases in the 
order: hexane, benzenesCClpethano1, and acetone. A sequence of washes 
u s i n g  acetone, water, and  HN03 (Exp. 7) effect ively removes the residual 
SO, in most cases. Since the wash sequence was carr ied out during a 
f i l t e ra t ion  operation contact time with the HNO, was insuff ic ient  t o  
appreciably modify the coal material i t s e l f ;  separate wash experiments 
using the acetone, water, HN03 sequence with the raw coal (PSOC 267 a n d  270) 
i t s e l f  indicated t h a t  no appreciable mass change occurred and t h a t  no 
yellow materials were obtained under these wash conditions. Where pyrite 
i s  n o t  present, t h e  su l fur  content of the coal a f t e r  t h i s  wash sequence 
represents the organic su l fur  remaining in the coal a f t e r  the  l iquid SO2 
treatment. For PSOC 267 and 270, G. 37% and 25%, respectively, of the 
organic sulfur  can be removed by simple treatment of the  lump coal with 
l iquid Sop. Grinding the lump coal PSOC 270 (-60 mesh) improves the 
percentage organic s u l f u r  removal t o  g. 48%. Present resul ts  with coals 
containing pyrite are less  eas i ly  interpreted since the wash sequence 
probably does n o t  completely remove the pyri te .  Furthermore, in separate 
experiments with authentic pyri te  samples, i t  was demonstrated t h a t  neither 
l iquid SO2 nor l iqu id  S02/H,0 mixtures react with pyrite. 
where vir tual ly  a l l  t h e  su l fur  i s  pyr i t ic ,  the measured value of 1.6% 
sul fur  a f t e r  SO, treatment probably represents pyrite which i s  not removed 
in the wash sequence. For PSOC 194, the measured value of 2.1% su l fur  a f t e r  
l iquid SO2 treatment more t h a n  l ikely represents both unreacted organic 
and pyr i t ic  su l fur .  
the coal probably limited extraction o f  the organic su l fur  by the SO,. 

Extraction o f  powdered PSOC 267 with phenol and p-cresol resulted 
in 52% and 66%, respectively, remval of organic su l fur  compared to  37% 
by l iquid SO,. The resu l t s  of the extractions with phenol and p c r e s o l  
are similar to  those reported elsewhere for  other  coals. 

Although these resu l t s  with l iquid SO, a r e  n o t  a s  impressive 
as those with phenol and e-cresol ,  i t  has been demonstrated t h a t  organic 
Sulfur can be removed by extraction with l iqu id  SO,. I t  i s  also important 
to note that optimum conditions for  liquid SO2 extraction and f o r  residual 
So2 removal have as y e t  t o  be established. Furthermore, these preliminary 
resul ts  when compared with other  worker's r e s u l t s l 0  f o r  a variety of organic 
sol vents, are suf f ic ien t ly  encouraging t o  indicate t h a t  treatment with 
l iquid So2 should be investigated further. Experiments t o  define conditions 

I t  should be realized t h a t  the  

A t  th i s  stage, there does n o t  

Mild heating (110°C) and washing with water or aqueous detergent 

For PSOC 319, 

With PSOC 194, the fa i lure  of l iquid SO, to disintegrate 
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more c a r e f u l l y  and t o  i nves t i ga te  t h e  use o f  appropr ia te  reagents t h a t  
w i l l  enhance t h e  removal o f  s u l f u r  compounds f r o m  coal  by l i q u i d  SO2 
are underway. 

comprises 5-10% o f  the o r i g i n a l  coal .  
i n  chloroform, acetone, and concentrated HC1 ; t h i s  mater ia l  i s  on l y  p a r t i a l l y  
so lub le  i n  benzene and i s  i nso lub le  i n  hexane. 
p a r t i c u l a t e  matter,  observed t o  be i n  suspension i n  t h e  ch lo ro fo rm and 
acetone so lu t i ons  appears t o  resemble h igh  m l e c u l  a r  weight ma te r ia l  
ob ta ined by Larsen and Choudhury13 dur ing  t h e i r  i n v e s t i g a t i o n  o f  the  
ef fect iveness o f  coal depolymerizat ion reac t ions .  Although i t  i s  l i k e l y  
t h a t  l i q u i d  SOn under these cond i t ions  merely e x t r a c t s  lower mo lecu la r  
we igh t  mater ia l  a1 ready i n  t h e  coal ,  some small degree o f  depolymerizat ion 
cou ld  a1 so be occur r ing .  

was c a r r i e d  ou t  us ing  a ch lo ro fo rm s o l u t i o n  f o r  depos i t ion  and e l u t e d  w i t h  
Progress ive ly  more p o l a r  solvents;  long-wavelength UV i l l u m i n a t i o n  was used 
t o  observe f luorescence i n  the  samples. Although no d i s t i n c t  bands were 
developed upon e l u t i o n ,  three d e f i n i t e  f r a c t i o n s  t h a t  d i f f e r  by p o l a r i t y  
o f  cons t i tuents  were apparent on t h e  p la tes .  Several conclusions can be 
drawn from these TLC experiments. The complete sample contains e a s i l y  
ox id i zab le  func t ions .  A l l  a l k y l  f unc t i ons  are at tached t o  aromat ic 
residues. The l e s s  conjugated (b lue  f l uo rescen t )  f r a c t i o n  i s  l e s s  p o l a r  
than the more conjugated (orange f l uo rescen t )  f r a c t i o n .  A very p o l a r  
f r a c t i o n ,  n o t  t ranspor ted  by any e luen t  used, i s  even m r e  h i g h l y  conjugated 
( r e d  f luorescent ) .  
s t ruc tu res14 known t o  e x i s t  i n  coa ls  as we l l  as w i t h  the  spectroscopic 
measurements t o  be descr ibed nex t .  

PSOC 267 i s  i l l u s t r a t e d  i n  Fig. 1; t he  corresponding spectrum o f  t h e  e x t r a c t  
f r o m  PSOC 270 i s  s i m i l a r  i n  several  fea tures .  The molecular weight 
d i s t r i b u t i o n  i n  these spectra are no t  as broad nor  i s  t he  average molecu la r  
weight as h igh  as might have been expected.14 The presence o f  very f i n e l y  
d i v ided  p a r t i c u l a t e  mat te r ,  which presumably has h ighe r  molecular weight 
components t h a t  are n o t  v o l a t i l i z e d  under t h e  measurement condi t ions,  cou ld  
be responsible f o r  such observat ions.  The spec t ra  conta in  s t r i k i n g  pa t te rns  
i n  which the mass d i f f e rence  among major components i s  14 amu. These 
pa t te rns  suggest t h e  presence o f  a v a r i e t y  o f  CH2 con ta in ing  s t ruc tu res .  
I t  i s  tempt ing t o  assign another p a t t e r n  near m/e = 184 t o  dibenzothiophene 
s ince  i t  s t rong ly  resembles t h a t  ob ta ined w i t h  an au thent ic  dibenzothiophene 
sample. The lack  o f  h igh  reso lu t i on  mass spec t ra l  data, however, makes such 
an assignment pure specu la t ion  a t  t h i s  stage. 

The i n f r a r e d  spectrum o f  the  l i q u i d  SO2 e x t r a c t  o f  PSOC 267 (neat ,  
t h i n  f i l m )  i s  shown i n  Fig. 2. I t  i s  apparent t h a t  t h e  e x t r a c t  con ta ins  
0-H, N-H, aromat ic and a l i p h a t i c  C-H groups, a v a r i e t y  o f  s u b s t i t u t e d  aromatic 
s t ruc tu res ,  and probably ethers.  There i s  no evidence o f  e i t h e r  res idua l  
so2 o r  o f  o rgan ic  s t ruc tu res  con ta in ing  SO2 s u b s t i t u t i o n ;  no procedures o t h e r  
than evaporat ion o f  the l i q u i d  SOn under ambient cond i t ions  were used t o  
process t h i s  e x t r a c t .  

The mater ia l  ob ta ined by evaporat ion o f  t he  SO2 e x t r a c t i o n  l i q u i d  
Fbs t  o f  t h i s  o i l y  e x t r a c t  d isso lves  

Very f i n e l y  d i v ided  

Th in - layer  chromatography o f  t he  l i q u i d  SOn e x t r a c t  from PSOC 267 

These observat ions are cons is ten t  w i t h  the  types o f  

The f i e l d  i o n i z a t i o n  mass spectrum o f  t he  l i q u i d  SOn e x t r a c t  f rom 
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Proton and l 3 C  (p ro ton  no ise  decoupled) nmr spectra o f  t he  l i q u i d  
Q u a l i t a t i v e l y ,  t he  pro ton  SO2 e x t r a c t  of  PSOC 267 are shown i n  Fig. 3. 

spectrum resembles t h a t  o f  CS2 ex t rac ts  o f  o the r  bi tuminous coals as 
repor ted  by Retcofsky and Fr iede l  ;15 ou r  assignments fo l low those o f  
these workers. 
those with 2.0 <6<3.5 are assignable t o  benzy l i c  type  protons and those 
w i t h  6.9 < 6 <  8.8 are assignable t o  aromatic type protons; t h e  s igna l  
a t  6 G. 4.8 i s  a t t r i b u t e d  t o  pheno l ic  and a l c o h o l i c  type  protons. 
I n teg ra ted  i n t e n s i t i e s  p rov ide  the  f o l l o w i n g  d i s t r i b u t i o n  o f  protons: 
20.9% aromat ic,  1.9% -OH, 32.1% benzy l i c ,  and 45.1% o the r  a l k y l  types. 
I t  would appear t h a t  t h e  alkyl-H/aromatic-H r a t i o  i s  h ighe r  f o r  t h i s  e x t r a c t  
than f o r  CS2 e x t r a c t s  o f  bituminous coals w i t h  s i m i l a r  carbon conten t  
(84.6% C i n  PSOC 267). 

s t ruc tu res  found i n  t h e  l i q u i d  SO2 e x t r a c t  o f  PSOC 267 s ince  assignments are 
r e a d i l y  made by re fe rence t o  the work o f  F ischer  e t  a1.16 
common w i t h  bo th  SRC e x t r a c t s  and methylnaphthalene e x t r a c t s  o f  b i tuminous 
coal a re  found i n  t h e  l i q u i d  SO2 e x t r a c t .  The sharp s igna l  a t  14.1 ppm 
i s  assigned t o  te rmina l  methyl groups on a l i p h a t i c  s ide  chains, t h a t  a t  
19.8 ppm t o  unhindered a r y l i c  methyl groups, and those a t  22.7 and 31.9 ppm 
t o  a and 6 methylene carbons, respec t ive ly ,  on t e t r a l i n  type  s t ruc tu res .  
The sharp, dominant resonance a t  29.7 ppm i s  r e a d i l y  assigned t o  methylene 
carbons i n  Ar -CH2-CH2-Ar '  groups whereas t h e  weaker s igna ls  a t  32.6, 37.4, 
and 39.2 ppm are c h a r a c t e r i s t i c  o f  s i n g l e  methylene carbons b r i d g i n g  aromatic 
s t ruc tu res .  The broad, low f i e l d  band w i t h  a h ighe r  f i e l d  asymmetry i s  
t y p i c a l  o f  a composite o f  aromatic type carbons. I n d i v i d u a l  sharp s igna ls  
w i t h i n  t h i s  band correspond t o  a1 te rna te  po lynuc lear  aromatics t h a t  are 
p a r t i a l l y  subs t i t u ted .16  The apparent absence o f  s igna ls  a t  even lower  
f i e l d s  from carbon atoms w i t h o u t  p ro ton  subs t i t uen ts  i s  a t t r i b u t e d  t o  l ack  
o f  NOE enhancement f o r  these nuc le i .  

Thus t h e  l i q u i d  SO2 e x t r a c t  o f  PSOC 267 has been shown t o  conta in  
coal  cons t i t uen ts  s i m i l a r  t o  those ob ta ined by e x t r a c t i o n  w i t h  common organic 
solvents.  Although an abundance o f  a l k y l  groups (methyl and e s p e c i a l l y  
methylene) i s  found i n  the  carbon s t ruc tu res  as i l l u s t r a t e d  by the  i n f ra red ,  
1 3 C  nmr, and mass spectra,  i t  i s  no t  c l e a r  whether t h i s  i s  representa t ive  
of PSOC 267 composi t ion o r  i s  a consequence o f  t h e  p roper t i es  o f  l i q u i d  SO2. 
Less i s  known about t h e  composition o f  heteroatom compounds i n  t h e  e x t r a c t :  
OH, NH and probably e t h e r  groups are apparent b u t  ava i l ab le  spec t ra l  data 
do n o t  revea l  o t h e r  groups such as might be found i n  organic s u l f u r  
compounds. 
s u l f u r  con ta in ing  organ ic  s t ruc tu res  and re1  i a b l e  elemental  analyses were 
precluded by 1 ack o f  s u f f i c i e n t  mater ia l .  
of t h i s  e x t r a c t  may e v e n t u a l l y  provide clues concerning the a b i l i t y  o f  
l i q u i d  SO2 t o  remove organ ic  s u l f u r  compounds, such e f f o r t s  a re  t o  be 
ma de. 

can be used t o  remove organ ic  type  s u l f u r  compounds from bituminous coals 
and t h a t  t h e  l i q u i d  SO2 e x t r a c t  contains coa l  components s i m i l a r  t o  those 
found by e x t r a c t i o n  w i t h  o rgan ic  solvents.  The a b i l i t y  o f  l i q u i d  SO2 t o  
d i s in teg ra te  some coa ls  and t o  f r a c t u r e  o thers  has been confirmed. 
t o  opt imize t h e  removal o f  s u l f u r  compounds from coal  and t o  f a c i l i t a t e  
removal o f  r es idua l  SO2 f rom the  coal a re  under i nves t i ga t i on .  

The s igna ls  w i t h  6 ~ 1 . 8  are assignable t o  a l k y l  t ype  protons, 

The 1 3 C  nmr spectrum revea ls  f u r t h e r  d e t a i l  concerning the  types o f  

Features i n  

Unfor tunate ly ,  t h e  spectra ob ta ined a re  no t  s e n s i t i v e  t o  d i va len t  

Since b e t t e r  cha rac te r i za t i on  

I n  summary, p r e l i m i n a r y  experiments have demonstrated t h a t  l i q u i d  SO2 

Condi t ions 
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TABLE 1 .  C h a r a c t e r i s t i c s  of Bituminous Coals Treated w i t h  L i q u i d  SO2 

COAL (PSOC NO.) 

194 26 7 2 70 31 9 

Type 

O r i g i n  

Macerals ( % / v )  
V i  t r i n i  t e  
P. V i t r i n i t e  

M i  c r i n i  t e  

Fusi n i  t e  
S. F u s i n i t e  
Res i n i t e  

SDorini t e  

Elemental Analys is  (DAF) 
%C 

%H 
%N 
%0( d i f f )  

%S( t o t a l  ) 

organic  

p y r i  t i c  

s u l f a  ti c 

HVB 

OH 

73.3 

12.6 

3.3 
2.2 

2.3 
3.6 

1.8 

78.23 
5.56 

1.72 
10.97 

3.51 

1.26 
2.19 

0.07 

H VA H VA 

VA AL 

60.9 68.1 

5.3 3.2 
15.6 9.1 

8.7 8.6 

3.4 4.6 
1.5 0.8 
3.2 5.0 

84.63 83.34 
5.58 5.55 

2.53 1.74 
5.18 6.59 

2.08 2.77 
(1 .967)a (2.682)a 

2.01 2.70 
0.02 0.02 

0.05 0.05 

LV 

PA 

85.5 

4.2 
1 .o  
4 .3 
4.0 
0.0 

0.5 

86.49 

4.57 

1.61 
0.16 

7.17 

0.10 

7.00 

0.07 

aAnalyses done i n  t h i s  work. 
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TABLE 2. Experimental Results 

Sample Exp. React i on Organic 

Temp.( "C) Removed (PSOC No.) No. Wash %S S u l f u r  

2 70 

1 ump 
1 ump 

1 ump 

1 ump 

1 ump 
1 ump 
1 ump 

1 ump 

1 ump 
powder d 

26 7 

1 ump 
powder 
powder 

d 

d 

194 
1 ump 

31 4 
1 ump 

150 

150 
150 

150 

100 

100 
150 
100 

100 

75 

75 

180 
200 

100 

100 

1.5M NaOH,H20 

3M HC1 ,H20 

H20 .C6H6 

CC14 
ace tone 
mu1 t i p l e  b 

b 

b 
mu1 t i  p l  e 

mu1 t i p l  e 

b mu1 t i p l e  

H20 ,acetone 
H20 ,acetone 

b mu1 t i p l e  

b mu1 t i  p l  e 

5.756 

3.802 

3.522 

2.682 

2.602 
2.316 
2.005 

3.089 
1.992 

1.397 

1.241 

0.9394 
0.6580 

2.134 

1.584 

25% 

25% 

4 8% 

3 7% 

52% 
66% 

a. Fo r  l i q u i d  SO2 reac t i ons ,  60 min r e a c t i o n  t ime was used and f o r  o rgan ic  
so l ven t  reac t i ons ,  5 h r  was used. 

b. The m u l t i p l e  wash cons is ted  o f  t he  use o f  sequen t ia l  a l i q u o t s  o f  acetone, 
H20, 3.8 M HN03, H20, acetone (see t e x t ) .  

c. The S02/benzene s o l u t i o n  was s. 1: l  ( v o l ) .  
d. Lump coal was crushed and ground t o  -60 mesh. 
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FIGURE 3. Nuclear magnetic resonance spectra o f  the l iquid SO2 extract  o f  
coal PSOC 267 ( C D C 1 ,  ,solution, 5 mm tube). A . l 3 C  nmr spectrum, 
proton noise decoupled, 2000 pulses 8. 'H nmr spectrum, 10 pulses. 
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Eva lua t i on  o f  Oxydesu l fu r i za t i on  Processes f o r  Coal 
I .  The E f f e c t  o f  t he  Ames Process on Model Organosul fur  Compounds 

L.  W. Chang, W.  F. Goure, T.  G .  Squi res,  and T .  J. Bar ton 

Ames Laboratory ,  US DOE and Department o f  Chemistry 
Iowa S ta te  U n i v e r s i t y  

Ames, Iowa 50011 

I NTRODUCT I ON 

One o f  the main obs tac les  t o  the  use of coa l  as an a l t e r n a t e  energy source i s  
t h a t  i t  con ta ins  s u l f u r  which c o n t r i b u t e s  t o  a i r  p o l l u t i o n  when the coa l  i s  burned. 
I t  i s  est imated t h a t  o n l y  few percent  of c o a l s  i n  the Un i ted  States w i l l  be a b l e  t o  
meet EPA SO emission s tandards ( I ) .  A l t i o u g h  some chemical procedures have been 
repo r ted  t o  be e f f e c t i v e  f o r  d e s u l f u r i z a t i o n  o f  coa ls ,  most, i f  no t  a l l ,  of the s u l -  
f u r  t h a t  i s  removed i s  inorganic .  There i s  l i t t l e  i n fo rma t ion  about what a c t u a l l y  
happens t o  the  o rgan ic  s u l f u r  when coals  a r e  subjected t o  these process c o n d i t i o n s .  
A major reason f o r  t h i s  ignorance i s  the l a c k  o f  i n f o r m a t i o n  about t h e  n a t u r e  and 
d i s t r i b u t i o n  o f  t h e  o rganosu l fu r  f u n c t i o n a l  groups i n  the  coal .  

s u l f u r  can be removed by o x i d a t i v e  processes ( 2 - 6 ) .  Wheelock, e t .  a l .  ( 2 )  repo r ted  
tha t  under the  f o l l o w i n g  c o n d i t i o n s :  150OC, 200 p s i g  0 0 .2M aq. NaZC03, 1 hour; 
up t o  40% o f  the o r g a n i c  s u l f u r  can be removed f rom coa j ’w i thou t  significantly r e -  
duc ing the recovery o f  combust ib le  o rgan ic  ma t te r .  

process i n  the  d e s u l f u r i z a t i o n  o f  coa l .  Instead o f  us ing  coa l ,  model o rganosu l fu r  
compounds were subjected t o  Ames process c o n d i t i o n s .  Our approach i s  based on the  
assumption t h a t  a d e f i n i t i v e  knowledge o f  t h e  o rganosu l fu r  f u n c t i o n a l  groups and 
t h e i r  d i s t r i b u t i o n  i n  coa l  i s  n o t  a p r e r e q u i s i t e  f o r  i n v e s t i g a t i n g  t h e  v i a b i l i t y  o f  
d e s u l f u r i z a t i o n  processes. Thus, i t  i s  s u f f i c i e n t  t o  measure t h e  p ropens i t y  o f  a 
rep resen ta t i ve  spectrum o f  o rganosu l fu r  model m a t e r i a l s  toward d e s u l f u r i z a t i o n  under 
process cond i t i ons .  

I n  our  study, t h e  f o l l o w i n g  o rganosu l fu r  compounds have been subjected t o  Ames 
process c o n d i t i o n s  e i t h e r  by themselves o r  i n  t h e  presence of coal .  For comparison, 
some model s u l f u r  compounds were also run under t h e  same c o n d i t i o n s  except t h a t  n i -  
trogen was used i n  p lace  o f  oxygen. The r e s u l t s  o f  our  s tudy a r e  summarized i n  
Tables I and 1 1 .  

2 

Recent ly ,  severa l  workers have repor ted t h a t  o r g a n i c  s u l f u r  as w e l l  a s  i no rgan ic  

I n  t h i s  paper we w ish  t o  r e p o r t  our  e v a l u a t i o n  o f  t h e  e f f e c t i v e n e s s  of t h i s  Ames 
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E X P E R  I MENTAL 

Reactions i n  t h e  Absence o f  Coal 

The r e a c t i o n s  were run e i t h e r  i n  an 1 l i t e r  o r  a 300 m l  au toc lave .  I n  a t y p i c a l  
run,  approx imate ly  5 g ( f o r  the  I l i t e r  au toc lave)  o r  1 gram ( f o r  t h e  300 m l  au to-  
c l a v e )  of o r g a n i c  s u l f i d e  was placed i n  a g l a s s  l i n e r  o f  an au toc lave .  A f t e r  adding 
300 m l  ( I  1 autoc lave)  or 50 m l  (300 m l  au toc lave)  o f  0 .2M aqueous sodium carbonate 
s o l u t i o n ,  t h e  r e a c t o r  was sealed, f l u s h e d  w i t h  N2, and heated as r a p i d l y  as p o s s i b l e  
t o  150OC. A f t e r  the r e a c t o r  had e q u i l i b r a t e d  a t  15OoC (10-15 minutes) ,  t h e  system 
was pressur ized  t o  200 p s i g  w i t h  oxygen and the  r e a c t o r  was f lushed w i t h  a slow 
stream o f  oxygen f o r  3 minutes.  A c o l d  t r a p  was connected t o  the  vent tube o f  the 
au toc lave  t o  c o l l e c t  t h e  s t a r t i n g  s u l f i d e  ( u s u a l l y  a smal l  amount) which escaped 
from t h e  r e a c t o r  d u r i n g  the f l u s h i n g  process ( t h e  c o l l e c t e d  s u l f i d e  was combined 
w i t h  t h e  r e a c t i o n  m i x t u r e  i n  t h e  au toc lave  a f t e r  the r e a c t i o n ) .  The r e a c t o r  was 
then sealed, and temperature (I5O0C), s t i r r i n g  (1500 rpm) and pressure (200 p s i g )  
were maintained f o r  one hour. Dur ing  t h e  i n i t i a l  p r e s s u r i z a t i o n  and t h e  f i r s t  20- 
30 minutes o f  t h e  r e a c t i o n ,  c o o l i n g  o f  the  r e a c t o r  w i t h  water was sometimes requ i red .  

p e r a t u r e  and t h e  conten ts  werepoured i n t o  a beaker. The r e a c t o r  and t h e  g l a s s  l i n e r  
were washed w i t h  benzene and w i t h  water.  The r e a c t i o n  m i x t u r e  and these washings 
were combined and e x t r a c t e d  w i t h  benzene, and t h e  benzene e x t r a c t  was d r i e d  (Na SO4) 
and f i l t e r e d .  To the r e a c t i o n s  run i n  the  300 m l  au toc lave  an i n t e r n a l  standar8 was 
added d i r e c t l y  t o  the  d r i e d  benzene e x t r a c t  and t h e  s o l u t i o n  was analyzed by gas 
chromatography ( G C )  t o  de termine the q u a n t i t y  o f  s t a r t i n g  s u l f i d e  l e f t  and v o l a t i l e  
compounds formed i n  t h e  r e a c t i o n .  G C  response f a c t o r s  f o r  the  s u l f i d e s ,  p roduc ts  
and the  standards were generated i n  the  form o f  c a l i b r a t i o n  t a b l e  us ing  standard so- 
l u t i o n s  c o n t a i n i n g  t h e  s u l f i d e ,  products and the  standard.  For the  r e a c t i o n s  run i n  
t h e  1 l i t e r  au toc lave ,  the  volume o f  d r i e d  and f i l t e r e d  benzene e x t r a c t  was ad jus ted  
t o  500 rnl, and a 50 m l  of a l i q u o t  o f  t h e  benzene s o l u t i o n  was withdrawn. An i n t e r -  
n a l  standard was added t o  t h e  50 m l  s o l u t i o n ;  t h e  s o l u t i o n  was analyzed w i t h  GC. 

s u l f i d e  r e a c t i o n  m i x t u r e  was a c i d i f i e d  w i t h  concent ra ted  h y d r o c h l o r i c  a c i d ,  and wash- 
ed w i t h  benzene. 
a f f o r d  a res idue wh ich  NMR and I R  a n a l y s i s  showed t o  6e benzoic a c i d .  
aqueous layer was evaporated t o  dryness, and the r e s i d u e  was analyzed by NMR, IR, 
and UV spectroscopy. 

React ion i n  the  Presence o f  Coal Under Oxygen o r  Under N i t r o g e n  Atmosphere 

A f t e r  one hour,  t h e  heater  was tu rned o f f ;  t h e  r e a c t o r  was cooled t o  room tem- 

The e x t r a c t e d  aqueous l a y e r  of t h e  benzyl phenyl s u l f i d e  o r  the  benzyl  methyl 

The benzene washings were d r i e d  (Na SO4) and f l a s h  evaporated t o  
The remaining 

The coal used was Iowa coal  ( L o v i l i a ,  200 mesh) and was d r i e d  a t  llO°C overn igh t .  
The r e a c t i o n s  i n  the  presence o f  coal  were run in a 300 m l  au toc lave .  The r e a c t i o n  
procedures were t h e  same as those mentioned above except t h a t  E 4.0 g o f  coal  was 
added to  the r e a c t i o n  m i x t u r e  f o r  each run. A f t e r  the  r e a c t i o n ,  the  r e a c t i o n  m i x t u r e  
and washings were combined and f i l t e r e d ,  and the  f i l t r a t e  was e x t r a c t e d  w i t h  benzene. 
The coal  c o l l e c t e d  w i t h  f i l t r a t i o n  was washed w i t h  acetone, then benzene several  
t imes. 
and analyzed w i t h  GC u s i n g  i n t e r n a l  standards.  

The benzene and the acetone-benzene e x t r a c t s  were combined, d r i e d  (Na2S04) 

RESULTS AND DISCUSSION 

Tables I and I I  demonstrate t h a t  among the  model compounds t h a t  we s tud ied ,  o n l y  

Thiophenol  was converted t o  phenyl d i s u l f i d e  which was r e s i s t a n t  
th iopheno l  and compounds c o n t a i n i n g  a b e n z y l i c  s u l f i d e  l i n k a g e  were o x i d i z e d  t o  an 
apprec iab le  e x t e n t .  
t o  f u r t h e r  o x i d a t i o n .  Benzyl phenyl s u l f i d e  was o x i d i z e d  and cleaved t o  g i v e  benzlde- 
hyde, benzoic a c i d  and benzenesu l fon ic  a c i d ;  benzyl  methyl  s u l f i d e  gave s i m i l a r  r e -  
s u l t s .  The o t h e r  model compounds were u n r e a c t i v e  under the Ames proces's c o n d i t i o n s  
e i t h e r  by themselves or i n  t h e  presence of coa l .  Even i n  t h e  presence o f  c o a l ,  more 
than 70% of the  s t a r t i n g  s u l f i d e  was recovered. The reduced r e c o v e r i e s  o f  s t a r t i n g  
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Table I .  React ion Resu l ts  o f  Compounds Run Under the  Ames Process Cond i t ions  
i n  the  Absence o f  Coala 

Compound 
Recovered Y i e l d  (%) 
o f  S t a r t i n g  S u l f i d e  Product 

- - - - - - - Benzothiophene 87 

Dibenzothiophene 96 

Th iphenol 0 

Phenyl s u l f i d e  98 

Phenyl methyl  s u l f i d e  89 

- - - - - - - 

Phenyl D i s u l f i d e  

- - - - - - - 
- - - - - - - 

Benzyl methyl  s u l f i d e  

Benzyl phenyl s u l f i d e  

36 

29 

Benzoic a c i d  

Benzaldehyde 

Methanesu l fon ic  a c i d  

Benzoic a c i d  

Ben za 1 de hyd e 

Benzenesul fonic a c i d  

- - - - - - - N-Octyl s u l f i d e  90 

a Ames process c o n d i t i o n s :  150°C, 200 p s i g  02, 0.2M aqueous Na C O  1 hour.  
2 3 ’  

Table I I .  React ion Resu l ts  o f  Compounds Run Under the Ames Processa 
Cond i t ion  i n  t h e  Presence o f  Coal b 

Compound 

Dibenzothiophene 

Phenyl s u l f i d e  

Benzyl methyl s u l f i d e  

N-oc ty l  s u l f i d e  

Recovered Y i e l d  (%)  
o f  S t a r t i n g  S u l f i d e  

N,C 021! 
- - 
83 76 

76 74 

75 13 

a2 - _  

a Ames process c o n d i t i o n s :  1 5 O o C ,  200 p s i g  02, 0.2M aqueous Na2C0 , 1 
hour.  blows L o v i l  i a  Coal. CReact ion run  under n i t r o g e n  atmosJhere. 
React ion run under oxygen atmosphere. 
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m a t e r i a l s  i n  t h e  presence o f  coa l  (see Tab le  I I )  can be a t t r i b u t e d  t o  abso rp t i on  o f  
the o rganosu l fu r  compound by t h e  microporous s t r u c t u r e  of  coal  and the  mechanical 
loss associated w i t h  work ing up the r e a c t i o n  m ix tu re .  T h i s  hypo thes i s  was confirmed 
by the  co r respond ing ly  low recove r ies  o f  s t a r t i n g  s u l f i d e s  from r e a c t i o n s  run i n  
the  presence o f  coal  under n i t r o g e n  atmosphere--an i n e r t  atmosphere. Furthermore, 
no o x i d a t i o n  p roduc ts  were de tec ted  i n  the  r e a c t i o n  m ix tu res .  C l e a r l y ,  o f  the com- 
pounds inves t i ga ted  thus  f a r ,  o n l y  benzyl s u l f i d e s  and th iopheno l  underwent any 
chemical r e a c t i o n ,  and ( t h e  benzyl s u l f i d e s  were the  o n l y  compounds i n  which carbon 
s u l f u r  bond c leavage occurred.  

The base-cata lyzed r e a c t i o n  of compounds c o n t a i n i n g  a b e n z y l i c  s u l f i d e  l i nkage  
w i t h  molecular  oxygen has been s tud ied  under a v a r i e t y  o f  c o n d i t i o n s .  Wallace et. 
- a l .  (7 )  r e p o r t e d  t h a t  benzyl phenyl s u l f i d e  can be o x i d i z e d  w i t h  molecular  oxygen i n  
2M potassium t-butoxide-HMPA a t  80°C t o  y i e l d  benzoic  ac id .  
t h a t  the  r e a c t i o n  proceeded via the fo rma t ion  o f  an a-carbanion fo l l owed  by reac t i on  
between the  ion  and oxygen. 

The au tho rs  proposed 

@-CH -S-@ base > 0-?H-S-@ 
2 

> @-c-s-g 2 
0 

@-EH-s-Q 
I o-o- 

The r e s u l t i n g  a - p e r o x i d e  anion can then decompose i n  e i t h e r  a s tepwise o r  concerted 
manner t o  form benzaldehyde and benzenesul fenate which a r e  o x i d i z e d  t o  the  corres-  
ponding c a r b o x y l i c  and s u l f o n i c  ac ids.  I n  t h e  f i r s t  s t e p  of t h i s  mechanism, the  
a-carbanion i s  s t a b i l i z e d  by t h e  d - o r b i t a l  o f  t h e  ad jacen t  d i v a l e n t  s u l f u r  atom. 

0- 
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We b e l i e v e  t h a t  a s i m i l a r  mechanism i s  invo lved i n  the  o x i d a t i o n  o f  benzyl  phenyl  
s u l f i d e  under Ames process c o n d i t i o n s .  

O x y d e s u l f u r i z a t i o n  o f  the  o r g a n i c  s u l f i d e s  i n  coa l  has been fo rmula ted  as a 
two-step process (8) :  I .  S e l e c t i v e  o x i d a t i o n  o f  the  s u l f u r  t o  s u l f o x i d e s  and S U I -  
fones w i t h  the l a t t e r  as the  favorab le  p roduc t ;  and 2 .  Thermal decomposi t ion o f  
the  o x i d a t i o n  produc ts ,  u s u a l l y  under b a s i c  c o n d i t i o n s .  

Step 1 .  

R 0 
R \  '& R 

R" 's - R'/s=o - R , /  \ o  

Step 2 .  

or .A> Hydrocarbons + SOx 

In t h i s  fo rmula t ion ,  t h e  r e a c t i o n  i s  i n i t i a t e d  by o x i d a t i o n  o f  t h e  s u l f u r  and, i n  
f a c t ,  i s  made p o s s i b l e  by t h i s  o x i d a t i o n  wh ich  r e s u l t s  i n  p o l a r i z a t i o n  and weakening 
o f  the  carbon t o  s u l f u r  bonds ( 8 ) .  

We f i n d  no evidence to  support  t h i s  hypothes is ;  o x i d a t i o n  o f  t h e  s u l f u r  was de- 
t e c t e d  o n l y  in th iopheno l  and i n  t h e  benzyl  s u l f i d e s .  I n  the  f i r s t  case, o x i d a t i o n  
o f  mercaptans t o  d i s u l f i d e s  i s  a f a c i l e  r e a c t i o n  known t o  occur under c o n d i t i o n s  
such as the  Ames process. No f u r t h e r  o x i d a t i o n  o f  the  d i s u l f i d e  was de tec ted .  In 
the l a t t e r  case, we submit t h a t  c a r b o n - s u l f u r  bond cleavage i s  i n i t i a t e d  by o x i d a -  
t i v e  a t t a c k  a t  the  benzyl  p o s i t i o n  ins tead o f  a t  s u l f u r .  T h i s  p o s t u l a t e  i s  supported 
by our recent d i s c o v e r y  t h a t ,  under Ames process c o n d i t i o n s ,  f l u o r e n e  was o x i d i z e d  
r a p i d l y  and q u a n t i t a t i v e l y  t o  f luorenone w h i l e  dibenzothiophene was removed unchanged 
from the  same r e a c t i o n  m i x t u r e .  

a s u b s t a n t i a l  impact on t h e  development o f  processes for t h e  oxydesu l fu r  
c o a l .  We intend t o  i n v e s t i g a t e  t h i s  phenomenon and e x p l o r e  methods f o r  

Ox ida t ion  o f  b e n z y l i c  carbon hydrogen bonds i n  p re fe rence t o  s u l f u r  would have 

r e v e r s i n g  the r a t i o  o f  b e n z l i c  t o  s u l f u r  o x i d a t i o n .  
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HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY SEPARATION 
OF OLEFIN, SATURATE, AND AROMATIC HYDROCARBONS I N  HIGH-BOILING 

DISTILLATES AND RESIDUES OF SHALE O I L  

John F .  ElcKay and D .  R .  Latham 

Laramie Energy Technology C e n t e r ,  DOE, P .  0 .  Box 3395, Laramie ,  Wyo. 82071 

ABSTFXT 

A h igh-per formance  l i q u i d  chromatography (HPLC) method has  been deve loped  f o r  t h e  
s e p a r a t i o n  of o l e f i n ,  s a t u r a t e ,  and a r o m a t i c  hydrocarbons  found i n  h i g h - b o i l i n g  d i s -  
t i l l a t e s  and r e s i d u e s  of s h a l e  o i l  and i n  whole s h a l e  o i l s .  The dual-column chro-  
matographic  system uses  s i l i c a  g e l  i n  one  column and s i l i c a  g e l  c o a t e d  w i t h  s i l v e r  
n i t r a t e  i n  a second column. Sepa ra t ed  f r a c t i o n s  a r e  ana lyzed  by i n f r a r e d  and 
carbon-13 nuc lea r  magnet ic  resonance  spec t romet ry  t o  demons t r a t e  t h e  v a l i d i t y  o f  t h e  
s e p a r a t i o n .  The t ime r e q u i r e d  f o r  a s e p a r a t i o n  i s  a b o u t  two hour s .  The s e p a r a t i o n s  
a r e  r e p r o d u c i b l e ,  and r ecove ry  of  m a t e r i a l  a f t e r  s e p a r a t i o n  i s  g e n e r a l l y  b e t t e r  t han  
90 p e r c e n t .  The o l e f i n ,  s a t u r a t e ,  and a r o m a t i c  f r a c t i o n s  ob ta ined  from a s e p a r a t i o n  
a r e  s u i t a b l e  f o r  f u r t h e r  a n a l y s i s .  

INTRODUCTION 

A s  i n c r e a s e d  amounts o f  s h a l e  o i l  a r e  p rocessed  t o g e t h e r  w i t h  p e t r o l e u m ,  i t  becomes 
i n c r e a s i n g l y  impor t an t  t o  have methods a v a i l a b l e  f o r  t h e  a n a l y s e s  of  s h a l e  o i l .  A 
fundamenta l  d i f f e r e n c e  i n  t h e  composi t ion  o f  s h a l e  o i l  and pe t ro leum i s  t h a t  s h a l e  o i l  
c o n t a i n s  t h r e e  major  hydrocarbon compound t y p e s - - o l e f i n s ,  s a t u r a t e s ,  and a romat i c s - -  
w h i l e  pe t ro leum c o n t a i n s  o n l y  s a t u r a t e s  and a r o m a t i c s .  O l e f i n s ,  because  t h e y  a r e  
hydrogen d e f i c i e n t  and u n s t a b l e ,  cause  problems i n  t h e  p r o c e s s i n g  o f  s h a l e  o i l  t h a t  
a r e  n o t  encountered  i n  t h e  p r o c e s s i n g  o f  pe t ro l eum.  They a r e  a l s o  of s p e c i a l  i n t e r e s t  
because  t h e  amounts,  and pe rhaps  k i n d s ,  o f  o l e f i n s  i n  s h a l e  o i l  a r e  r e l a t e d  t o  t h e  
r e t o r t i n g  c o n d i t i o n s  t h a t  p roduce  t h e  s h a l e  o i l .  Techniques  f o r  t h e  a n a l y s i s  of  
s a t u r a t e s  and a romat i c s  i n  pe t ro leum a r e  w e l l  known; however,  methods f o r  de t e rmin ing  
o l e f i n ,  s a t u r a t e ,  and a romat i c  hydrocarbons  i n  t h e  heavy d i s t i l l a t e  and r e s i d u e  p o r -  
t i o n s  of s h a l e  o i l  a r e  needed. 

Many t echn iques  f o r  t h e  d e t e r m i n a t i o n  of  o l e f i n s ,  s a t u r a t e s ,  and a r o m a t i c s  have been 
r e p o r t e d  i n  t h e  l i t e r a t u r e  (1-11) .  The methods u s u a l l y  invo lve  l i q u i d  chromatography 
w i t h  s i l i c a  g e l  (3,  4 ,  10) o r  l i q u i d  chromatography combined w i t h  chemica l  r e a c t i o n s  
( 1 ,  11, 1 2 ) .  The methods work w e l l  i n  t h e  a n a l y t i c a l  a p p l i c a t i o n s  f o r  which  t h e y  were 
des igned- -p r imar i ly  t h e  d e t e r m i n a t i o n  o f  hydrocarbon types  i n  l i g h t  d i s t i l l a t e s .  
D i f f i c u l t i e s ,  such a s  incompleLe s e p a r a t i o n  o f  compound t y p e s ,  o f t e n  a r i s e  when t h e  
methods a r e  a p p l i e d  t o  t h e  a n a l y s e s  of  h e a v i e r  hydrocarbon f r a c t i o n s .  The purpose  of 
t h e  work d i scussed  i n  t h i s  paper  i s  t o  ex tend  t h e  a n a l y s i s  of  o l e f i n ,  s a t u r a t e ,  and 
a romat i c  hydrocarbons t o  t h e  h i g h - b o i l i n g  d i s t i l l a t e  and r e s i d u e  f r a c t i o n s  of  s h a l e  
o i l .  Seve ra l  requi rements  were e s t a b l i s h e d  f o r  a s a t i s f a c t o r y  a n a l y t i c a l  method: 1 )  
t h e  de t e rmina t ion  should  be f a s t ;  2 )  t h e  r e s u l t s  shou ld  be r e p r o d u c i b l e ;  3)  t h e  sam- 
p l e s  should  have minimum exposure  t o  a i r ,  l i g h t ,  and h e a t ;  and 4 )  t h e  s e p a r a t e d  hydro- 
carbon Lypes should  be chemica l ly  u n a l t e r e d  and t h e r e E o r e  s u i t a b l e  f o r  f u r t h e r  ann ly -  
s e s .  

T h i s  paper  d e s c r i h e s  a dun 1-column h igh-per formance  l i q u i d  chromatogcaphy (tipLC) 
method f o r  t he  s e p a r a t i o n  and d e t e r m i n a t i o n  o f  o l e f i n ,  s a t u r a t e ,  and a r o m a t i c  hydro- 
ca rbons  i n  h i g h - b o i l i n g  d i s t i l l a t e  and r e s i d u e  f r a c t i o n s  of  sli:ile o i l .  The method can 
a l s o  he used t o  separaLe  hydrocnrbon t y p e s  i n  whole s h a l e  o i l s .  The dual-column 
t echn ique  uses s i l i c a  ge l  t o  s e p a r a t e  a r o m a t i c  hydrocarbons  from o l e f i n  and s a t u r a t e  
hydrocarbons  and s i l i c a  g e t  coa ted  w i t h  s i l v e r  n i t r a t e  t o  s e p a r a t e  o l e f i n  from s a t u -  
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r a t e  hydrocarbons .  Cyclohexane i s  used a s  s o l v e n t  f o r  t h e  hydrocarbon samples .  The 
t i m e  r e q u i r e d  f o r  a s e p a r a t i o n  i s  abou t  two hour s .  

EXPERIMENTAL 

Appara tus  

S h a l e  o i l  d i s t i l l a t e s  and r e s i d u e s  were o b t a i n e d  u s i n g  a n  ASCO (Ar thu r  F. Smith Co. )  
2 - i n .  Rota-Film (wiped-wal l )  s t i l l .  Ac ids ,  b a s e s ,  and n e u t r a l  n i t r o g e n  compounds were 
removed from t h e  samples  u s i n g  a g r a v i t y - f l o w  g l a s s  column ( 2 . 5  cm x 90 cm) packed i n  
t h r e e  s e c t i o n s  w i t h  a n i o n  r e s i n ,  c a t i o n  r e s i n ,  and  f e r r i c  c h l o r i d e / A t t a p u l g u s  c l a y .  
The column was wet-packed u s i n g  cyc lohexane .  

Hydrocarbon s e p a r a t i o n s  were made u s i n g  a dual-column sys tem i n  a Waters A s s o c i a t e s  
AGC/CPC-202 l i q u i d  chromatograph  equipped  w i t h  r e f r a c t i v e  index  and  u l t r a v i o l e t  de- 
t e c t i o n  u n i t s .  The f i r s t  column c o n t a i n e d  s i l i c a  g e l ,  and t h e  second column con ta ined  
s i l i c a  g e l  coa ted  w i t h  s i l v e r  n i t r a t e .  Both columns were s t a i n l e s s  s t e e l  (7 .8  mm i . d .  
x 6 1  cm) and  were s u p p l i e d  w i t h  5-micron f r i t t e d  end  f i t t i n g s .  I n f r a r e d  s p e c t r a  were 
reco rded  on  a Perk in-Elmer  model 621 s p e c t r o p h o t o m e t e r ,  and carbon-13  NMR s p e c t r a  were 
o b t a i n e d  u s i n g  a V a r i a n  CFT-20 s p e c t r o m e t e r .  

M a t e r i a l s  

Arnberlyst IRA-904 an ion-exchange  r e s i n  (Rohm and Haas) was used f o r  removal of  a c i d s ,  
and Amberlyst  A-15 ca t ion -exchange  r e s i n  (Rohm and Haas) was used  f o r  removal o f  
b a s e s .  A t t apu lgus  c l a y ,  50 /80  mesh (Engelhard  Mine ra l s  and Chemical Corp . )  coa ted  
w i t h  f e r r i c  c h l o r i d e  (Baker and Adamson) removed n e u t r a l  n i t r o g e n  compounds from t h e  
samples .  The p r e p a r a t i o n  of  r e s i n s  and f e r r i c  c h l o r i d e / A t t a p u l g u s  c l a y  has been  
d e s c r i b e d  (13 ) .  

S i l i c a  g e l  60G (E. Merck) f o r  t h i n - l a y e r  chromatography was used a s  r ece ived  t o  s epa -  
r a t e  a romat i c s  from s a t u r a t e s  and o l e f i n s .  The same s i l i c a  g e l  c o a t e d  w i t h  20 p e r c e n t  
s i l v e r  n i t r a t e  (Baker and Adamson) s e p a r a t e d  s a t u r a t e s  from o l e f i n s .  The s i l v e r  
n i t r a t e - c o a t e d  g e l  was p repa red  by d i s s o l v i n g  t h e  s i l v e r  n i t r a t e  i n  w a t e r ,  mixing t h e  
s o l u t i o n  w i t h  s i l i c a  g e l ,  and removing t h e  w a t e r  on a r o t a r y  e v a p o r a t o r .  The g e l  was 
a c t i v a t e d  a t  1 l O O C  f o r  1 2  h o u r s .  Cyclohexane, benzene ,  and methanol  were commercial 
HPLC-grade s o l v e n t s  f rom v a r i o u s  s u p p l i e r s  and were used  a s  r ece ived .  

S h a l e  O i l  Samples 

The s h a l e  o i l s  used i n  t h i s  s t u d y  were produced by i n  s i t u  and aboveground r e t o r t i n g  
p r o c e s s e s  (14 ) .  The S i t e  9 o i l  was o b t a i n e d  from t h e  Laramie Energy Technology Cen te r  
(LETC) i n  s i t u  expe r imen t  n e a r  Rock S p r i n g s ,  Wyo. The 150- ton  r e t o r t  o i l  i s  from t h e  
LETC s imula t ed  i n  s i t u  150- ton  r e t o r t  n e a r  Laramie ,  Wyo. Paraho  and S u p e r i o r  o i l s  a r e  
from aboveground r e t o r t s  l o c a t e d  a t  Anv i l  P o i n t s ,  C o l o . ,  C leve land ,  Ohio ,  respec-  
t i v e l y .  

D i s t i l l a t i o n  of  S h a l e  O i l s  

Crude s h a l e  o i l s  t h a t  had been  c e n t r i f u g e d  t o  remove p a r t i c u l a t e  m a t t e r  and water  were 
d i s t i l l e d  u s i n g  a wiped-wal l  s t i l l .  The s t i l l  was o p e r a t e d  a t  20 t o r r  t o  remove o i l  
b o i l i n g  below 210'C ( c o r r e c t e d  t o  a tmosphe r i c  p r e s s u r e ) .  D i s t i l l a t e  f r a c t i o n s  b o i l i n g  
from c o r r e c t e d  t e m p e r a t u r e s  of 210 t o  370°C and 370 t o  535'C were o b t a i n e d  a t  lower  
p r e s s u r e s  and i n c r e a s e d  t empera tu res .  The r e s i d u e  was recovered  m a t e r i a l  t h a t  d id  n o t  
d i s t i l l  aL 25OOC ( c o r r e c t e d )  and 0 . 2  t o r r .  The r e s i d u e  was a c t u a l l y  exposed t o  a 
t empera tu re  o f  250'C f o r  o n l y  a tew seconds  s o  t h a t  t he rma l  d e g r a d a t i o n  was minimal.  
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P r e p a r a t i o n  o f  Hydrocarbon Samples 

A sample ( 1  g )  of  d i s t i l l a t e ,  r e s i d u e ,  o r  whole s h a l e  o i l  was d i s s o l v e d  i n  cyc lohexane  
(100 ml) and passed  th rough  a g r a v i t y - f l o w  g l a s s  column c o n t a i n i n g  s u c c e s s i v e  beds  o f  
an ion  ( 8 0  g )  and c a t i o n  ( 8 0  g )  r e s i n s  and f e r r i c  c h l o r i d e /  A t t a p u l g u s  c l a y  (100 9). 
The column was washed w i t h  cyc lohexane  (500 ml) t o  r ecove r  t h e  hydrocarbons .  The 
cyc lohexane  was removed from t h e  hydrocarbons  u s i n g  a r o t a r y  e v a p o r a t o r .  

P r e p a r a t i o n  and Assembly of  HPLC Columns 

A r e s e r v o i r  column was a t t a c h e d  t o  an  empty HPLC column, and b o t h  columns were f i l l e d  
wi th  d r y  s i l i c a  g e l  o r  s i l v e r  n i t r a t e / s i l i c a  g e l  ( abou t  20 9 ) .  Cyclohexane was then  
pumped through t h e  sys tem t o  w e t  and compress t h e  pack ing  m a t e r i a l  i n t o  t h e  HPLC 
column. The r e s e r v o i r  column was t h e n  de tached .  Columns packed u s i n g  t h i s  t echn ique  
con ta ined  15 g o f  g e l  we t t ed  w i t h  Cyclohexane ,  and t h e  g e l  was un i fo rmly  d i s t r i b u t e d  
i n  t h e  column. A f t e r  a s e p a r a t i o n ,  t h e  s i l v e r  n i t r a t e l s i l i c a  g e l  column cou ld  be 
r e a c t i v a t e d  by washing w i t h  cyc lohexane  (100 m l ) .  The s i l i c a  g e l  column was n o t  
r e u s a b l e .  F i g u r e  1 shows t h e  dual-column as sembly ,  chromatograph ,  and d e t e c t o r s .  

Column C a l i b r a t i o n  

Dur ing  r o u t i n e  a n a l y s e s ,  t h e  c u t  p o i n t  f o r  t h e  s e p a r a t i o n  o f  s a t u r a t e s  and o l e f i n s  
from a romat i c s  on  t h e  s i l i c a  column was made a c c o r d i n g  t o  e l u t i o n  volume. The p r o p e r  
e l u t i o n  volume was e s t a b l i s h e d  p r i o r  t o  t h e  s e p a r a t i o n s  by p a s s i n g  samples  th rough  t h e  
s i l i c a  g e l  column and m o n i t o r i n g  t h e  s e p a r a t i o n  w i t h  u l t r a v i o l e t  and r e f r a c t i v e  index  
d e t e c t o r s .  Once t h e  p r o p e r  e l u t i o n  volume had been  e s t a b l i s h e d ,  t h e  d e t e c t o r s  were 
removed from t h e  chromatographic  sys tem.  

S e p a r a t i o n  Procedure  

A r o u t i n e  s e p a r a t i o n  was made i n  t h e  f o l l o w i n g  manner.  A s h a l e  o i l  hydrocarbon sample 
(200 mg), d i s s o l v e d  i n  cyc lohexane  (1 ml), was p l a c e d  on t h e  s i l i c a  g e l  column, and 
cyc lohexane  was pumped th rough  t h e  two columns f o r  40 minutes  a t  a r a t e  o f  1 mlfmin 
and a p r e s s u r e  o f  a b o u t  350 p s i g .  Under t h e s e  e l u t i o n  c o n d i t i o n s  a r o m a t i c s  a r e  re- 
t a i n e d  on column 1, w h i l e  s a t u r a t e s  and  o l e f i n s  p a s s  th rough  t o  column 2 .  Valves  
between t h e  columns and  a second s o l v e n t  r e s e r v o i r  a l lowed  con t inued  pumping cyc lo -  
hexane through t h e  second column where o l e f i n s  and s a t u r a t e s  were s e p a r a t e d .  Sa tu -  
r a t e s  were e l u t e d  w i t h  cyc lohexane  from t h e  s i l v e r  n i t r a t e  column w i t h  con t inued  
pumping f o r  30 minutes  a t  1 ml lmin .  O l e f i n s  were t h e n  e l u t e d  from t h e  s i l v e r  n i t r a t e  
column by pumping benzene lcyc lohexane ,  2 0 / 8 0  p e r c e n t ,  th rough t h e  column f o r  30 min- 
u t e s  a t  1 mllmin. S imul t aneous ly ,  benzene/methanol ,  40 /60  p e r c e n t ,  was pumped through 
t h e  f i r s t  column f o r  60 minu tes  t o  e l u t e  a r o m a t i c s .  The t o t a l  s e p a r a t i o n  t i m e  was 
a b o u t  2 hour s .  

DISCUSSION 

I d e n t i f i c a t i o n  o f  Hydrocarbon Types 

I n f r a r e d  and carbon-13 NEIR s p e c t r o m e t r y  were used  t o  a n a l y z e  t h e  hydrocarbon f r a c t i o n s  
p repa red  by t h e  dual-column ch romatograph ic  sys t em.  The a n a l y s e s  demons t r a t e  t h e  
v a l i d i t y  of  t h e  s e p a r a t i o n s .  Both s p e c t r o m e t r i c  t echn iques  have  s p e c i a l  a n a l y t i c a l  
advan tages  and l i m i t a t i o i l s ;  when used t o g e t h e r  t h e y  p e r m i t  a s a t i s f a c t o r y  a n a l y s i s  of 
t h e  hydrocarbon f r a c t i o n s .  

The f r a c t i o n s  of  s a t u r a t e s ,  o l e f i n s ,  and a r o m a t i c s  were f i r s t  examined u s i n g  i n f r a r e d  
s p e c t r o m e t r y .  Two a b s o r p t i o n  b a n d s - r e r e  used  t o  a n a l y z e  t h e  f r a c t i o n s :  1) t h e  mono- 
o l e f i n  s t r e t c h i n g  band a t  1630 cm to -  i d e n t i f y  o l e f i n s  and 2 )  t h e  a r o m a t i c  r i n g  
carbon-carbon s t r e t c h i n g  band a t  1600 cm t o  i d e n t i f y  a r o m a t i c s .  S a t u r a t e s  have  no 
a b s o r p t i o n  bands i n  t h e  i n f r a r e d  t h a t  d i s t i n g u i s h  t h e m  from o t h e r  hydrocarbon t y p e s .  



An example o f  t h e  u s e  of i n f r a r e d  s p e c t r o m e t r y  i n  a n a l y z i n g  hydrocarbon f r a c t i o n s  
p r e s e n t e d  i n  F igu re  2 ,  which shows t h e  p a r t i a l  i n f r a r e d  spec t rum of  t h e  t o t a l  hydro- 
ca rbons  from a 21O-37O0C d i s t i l l a t e  t o g e t h e r  w i t h  t h e  p a r t i a l  i n f r a r e d  s p e c t r a  of  
s e p a r a t e d  f r a c t i o n s .  I n  F i g u r e  Za, b o t h  mono-olef in  and a r o m a t i c  a b s o r p t i o n  may be 
seen  i n  t h e  spec t rum of  t h e  t o t a l  hydroca rbons .  F i g u r e s  2b ,  Z C ,  and 2d show t h a t  a 
s e p a r a t i o n  of a r o m a t i c s ,  o l e f i n s ,  _a d s a t u r a t e s  has been ach ieved .  Only t r a c e  amounts 
o f  a romat i c s  a b s o r b i n g  a t  1600 cm can  be obse rved  i n  t h e  spec t rum o f  t h e  s a t u r a t e s  
( F i g .  2d) and o l e f i n s  ( F i g .  2 c ) .  O l e f i n s  a r e  obse rved  i n  on ly  t h e  o l e f i n  f r a c t i o n  
(F ig .  2 c ) .  

I n  g e n e r a l ,  i n f r a r e d  s p e c t r o m e t r y  i s  a v e r y  u s e f u l  method f o r  a n a l y z i n g  t h e  hydrocar -  
bon f r a c t i o n s  because  i t  i s  f a s t  and s e n s i t i v e .  I t  d o e s ,  however,  have  l i m i t a t i o n s .  
F i r s t ,  i n  a mix tu re  o f  hydrocarbon t y p e s ,  satu! tes  canno t  he  d i s t i n g u i s h e d  from 
o l e f i n s  o r  a r o m a t i c s ,  Second,  u se  of t h e  1630 cm band does  no t  a l l o w  t h e  d e t e c t i o n  
o f  con juga ted  d i -  and t r i -  o l e f i n s .  T h i r d ,  i n f r a r e d  a n a l y s e s  of  complex mix tu res  of  
o l e f i n s  cannot  be q u a n t i t a t i v e  because  t h e  molar  a b s o r p t i v i t i e s  o f  i n d i v i d u a l  o l e f i n i c  
compounds a r e  q u i t e  v a r i a b l e .  The c o r r e c t  v a l u e  of molar  a b s o r p t i v i t y  t o  u s e  i n  an  
i n f r a r e d  c a l c u l a t i o n  i n v o l v i n g  B e e r ' s  l a w  i s  n o t  known. 

Carbon-13 NNR s p e c t r o m e t r y  was used  t o  complement i n f r a r e d  s p e c t r o m e t r y  i n  t h e  ana ly -  
s e s  o f  s e p a r a t e d  f r a c t i o n s .  These  d a t a  conf i rmed i n f r a r e d  d a t a  and provided  add i -  
t i o n a l  i n fo rma t ion  a b o u t  t he  hydrocarbon t y p e s ,  e s p e c i a l l y  t h e  o l e f i n s .  

F i g u r e  3 shows carbon-13  NMR s p e c t r a  o f  s a t u r a t e s  ( F i g .  3 a ) ,  o l e f i n s  ( F i g .  3 b ) ,  and 
a romat i c s  ( F i g .  3c )  from a 370-535OC hydrocarbon c o n c e n t r a t e .  For  q u a n t i t a t i v e  d e t e r -  
mina t ion  of  o l e f i n s ,  t h e  s p e c t r a l  r e g i o n  o f  i n t e r e s t  i s  between 110 and  140  ppm r e l a -  
t i v e  t o  t e t r a m e t h y l s i l a n e  (TMS). S a t u r a t e s  show no carbon-13 a b s o r p t i o n  i n  t h i s  
r e g i o n .  O l e f i n s  show a b s o r p t i o n  bands between 114 and 138 ppm (15 ,  1 6 ) ;  t h e  p o s i t i o n  
o f  a b s o r p t i o n  is  dependent  upon t h e  t y p e  o f  o l e f i n .  Alpha o l e f i n  hands  a r e  observed  
a t  11'. and 138 ppm, w h i l e  i n t e r n a l  o l e f i n s  have  a b s o r p t i o n  bands between 114 and 138 
ppm. Aromatic ca rbons  a r e  s e e n  a s  a b r o a d ,  symmet r i ca l  a b s o r p t i o n  envelope  c e n t e r e d  
a t  abou t  128 ppm. F i g u r e  3a  shows t h a t ,  i n  t h i s  p a r t i c u l a r  s e p a r a t i o n  run ,  t h e  s a t u -  
r a t e s  c o n t a i n  1 o r  2 p e r c e n t  o f  a n o t h e r  hydrocarbon t y p e ,  p robab ly  a r o m a t i c s .  O l e f i n s  
a r e  observed  o n l y  i n  t h e  o l e f i n  f r a c t i o n ,  n o t  i n  t h e  s a t u r a t e  o r  a r o m a t i c  f r a c t i o n s .  
T race  amounts of  a r o m a t i c s  appea r  t o  b e  i n  t h e  o l e f i n  f r a c t i o n ,  c o n f i r m i n g  t h e  i n f r a -  
r ed  d a t a .  

Carbon-13 NHR is u s e f u l  n o t  o n l y  because  it a i d s  i n  j u d g i n g  t h e  q u a l i t y  o f  s e p a r a t i o n  
t h a t  has  been ach ieved  b u t  a l s o  because  it p r o v i d e s  d e t a i l e d  i n f o r m a t i o n  abou t  molecu- 
l a r  s t r u c t u r e .  For  example ,  i n  an  o l e f i n  m i x t u r e ,  t h e  number of  doub le  bonds of an  
ave rage  o l e f i n  molecule  can  be  c a l c u l a t e d  i f  t h e  a v e r a g e  molecu la r  weight  of t h e  
o l e f i n  mix tu re  i s  known and  i f  t h e  r a t i o  of  a l i p h a t i c / o l e f i n i c  carbons  can  be measured 
by  carbon-13  NNR. However, carbon-13  NMR a l s o  has  l i m i t a t i o n s .  F i r s t ,  i n  a mixture  
o f  hydrocarbons ,  s a t u r a t e s  canno t  be d i s L i n g u i s h e d  from o l e f i n s  and  a r o m a t i c s .  Sec- 
ond ,  o l e f i n s  may n o t  be o b s e r v a b l e  i n  a c o n c e n t r a t e  o f  s a t u r a t e s  o r  a r o m a t i c s  i f  t h e  
amount of o l e f i n s  is lower  t h a n  abou t  3 o r  4 p e r c e n t .  T h i r d ,  w i t h  carbon-13 s p e c t r o -  
met ry  a l o n e ,  i t  may be  d i f f i c u l t  t o  d i s t i n g u i s h  between i n t e r n a l  o l e f i n s  and aroina- 
t i c s ;  i n  such  a c a s e  u l t r a v i o l e t  a n a l y s e s  a r e  u s e f u l .  

I n f r a r e d  and NHR a n a l y s e s  e s t a b l i s h e d  t h a t  s a t u r a t e ,  o l e f i n ,  and a r o m a t i c  compound 
c l a s s e s  were s e p a r a t e d  i n t o  t h r e e  d i s c r e t e  f r a c t i o n s  by t h e  dua l -co lumn sys tem.  Th i s  
a l lowed  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  each  c l a s s  t o  h ) c  iiiilcle g r a v i m e t r i c a l l y .  

S e p a r a t i o n  R e s u l t s  

a .  Hydrocarbons i n  High-Ro i l ing  D i s t i l l a t e s  and Res idues .  - The dual-column method 
was used  t o  s e p a r a t e  hydrocarbons  from t h r e e  d i f f e r e n t  b o i l i n g  r anges  of f o u r  s h a l e  
o i l s .  The r e s u l t s  of  t h e  s e p a r a t i o n s  a r e  shown i n  T a b l e  1. A l l  d a t a  were ob ta ined  
g r a v i m e t r i c a l l y .  D u p l i c a t e  d e t e r m i n a t i o n s  were made t o  show t h e  r e p r o d u c i b i l i t y  t h a t  
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can b e  expec ted  w i t h  t h e  s e p a r a t i o n  t e c h n i q u e .  I n  most c a s e s  t h e  r e p r o d u c i b i l i t y  i s  
s i m i l a r  t o  t h a t  expe r i enced  i n  t h e  s i l i c a  g e l  s e p a r a t i o n  o f  s a t u r a t e  and  a r o m a t i c  
hydrocarbons  i n  pe t ro leum.  The c a u s e  of  t h e  poor r e p r o d u c i b i l i t y  e x p e r i e n c e d  i n  some 
runs  i s  n o t  known. The r ecove ry  o f  s e p a r a t e d  hydrocar,bon types was g e n e r a l l y  b e t t e r  
t han  90 p e r c e n t .  

From a c h a r a c t e r i z a t i o n  p o i n t  of  v iew,  t h e  d a t a  i n  Tab le  1 show some i n t e r e s t i n g  
t r e n d s .  F i r s t ,  d i s t i - l l a t e s  and  r e s i d u e s  from t h e  S i t e  9 i n  s i t u  o i l  and t h e  150- ton  
r e t o r t  o i l  c o n t a i n  s m a l l e r  amounts of  o l e f i n s  and l a r g e r  amounts o f  s a t u r a t e s  t h a n  t h e  
o t h e r  o i l s .  Thus ,  it. a p p e a r s ' t h a t  t h e  S i t e  9 and 150- ton  r e t o r t  o i l s  were produced  
under  m i l d e r  r e t o r t i n g  c o n d i t i o n s  t h a n  t h e  Paraho and S u p e r i o r  o i l s .  Second,  t h e  
d i s t r i b u t i o n s  o f  hydrocarbon compound t y p e s  a s  r e l a t e d  t o  d i s t i l l a t i o n  t e m p e r a t u r e  c a n  
be seen .  For example,  i n  t h e  S i t e  9 o i l ,  t h e  a r o m a t i c s  i n c r e a s e  a s  t h e  d i s t i l l a t i o n  
t empera tu re  i n c r e a s e s .  The o l e f i n s  a r e  c o n s t a n t  i n  t h e  d i s t i l l a t e s  and  i n c r e a s e  i n  
t h e  r e s i d u e .  These changes a r e  a t  t h e  expense  of s a t u r a t e s  which  d e c r e a s e  a s  t h e  
d i s t i l l a t i o n  t empera tu re  i n c r e a s e s .  

b .  Hydrocarbons from Whole S h a l e  O i l s .  - The dual-column method p e r m i t t e d  t h e  f a s t  
d e t e r m i n a t i o n  o f  s a t u r a t e s ,  o l e f i n s ,  and a r o m a t i c s  i n  whole s h a l e  o i l s .  The r e s u l t s  
of  t h e  s e p a r a t i o n s  a r e  shown i n  Tab le  2 .  Both  r e p r o d u c i b i l i t y  and r e c o v e r y  v a l u e s  a r e  
s i m i l a r  t o  those  s e e n  i n  t h e  s e p a r a t i o n  of d i s t i l l a t e s  and r e s i d u e s .  Unknown amounts 
of l i g h t  hydrocarbons  from t h e  whole s h a l e  o i l s  were l o s t  d u r i n g  t h e  so lven t - r emova l  
p rocedure .  

SUMMARY AND CONCLUSIONS 

An HPLC method has been  developed  f o r  t h e  s e p a r a t i o n  o f  s a t u r a t e s ,  o l e f i n s ,  and a r o -  
ma t i c s  i n  h i g h - b o i l i n g  d i s t i l l a t e s  and  r e s i d u e s  of  s h a l e  o i l  and i n  whole s h a l e  o i l s .  
The dual-column chromatographic  sys tem uses s i l i c a  g e l  i n  one  column and s i l i c a  g e l  
coa ted  w i t h  20 p e r c e n t  s i l v e r  n i t r a t e  i n  a second column. The t i m e  r e q u i r e d  f o r  a 
s e p a r a t i o n  is abou t  two hour s .  The s e p a r a t i o n s  a r e  r e p r o d u c i b l e ;  r ecove ry  o f  i i i a t e r i a l  
a f t e r  s e p a r a t i o n  i s  g e n e r a l l y  b e t t e r  t h a n  90 p e r c e n t .  The s a t u r a t e ,  o l e f i n ,  and  
a romat i c  f r a c t i o n s  o b t a i n e d  from a s e p a r a t i o n  a r e  s u i t a b l e  f o r  f u r t h e r  a n a l y s e s .  
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TABLE 1. - Hydrocarbon s e p a r a t i o n  r e s u l t s  of d i s t i l l a t e s  and r e s i d u e s  

W t .  Dercent  of 
t o t a l  hydrocarbon f r a c t i o n  P e r c e n t  

Sample S a t u r a t e  O l e f i n  Aromatic recovery  
150- ton ,  210-370°C d i s t .  64 5 1 9  88 

11 63 7 20 90 

370-535OC d i s t .  6 1  6 29 96 
59 7 34 100 I t  

>535OC r e s i d u e  45 11 43 99 
45 11 38 94 11 

S i t e  9 ,  210-370°C d i s t .  70 5 1 7  92 
72 6 23 101 I t  

370-535OC d i s t .  64 6 24 94 
59 5 29 93 11 

>535OC r e s i d u e  48 8 40 96 
40 10- 47 97 11 

Paraho,  210-370°C d i s t .  25 27 30 82 
36 23 26 85 

370-535OC d i s t .  38 24 34 96 
3 1  23 35 89 

>535OC r e s i d u e  19 10  48 77 
23 13  44 80 

S u p e r i o r ,  210-370°C d i s t .  25 29 30 84  
27 36 28 91  

370-535OC d i s t .  32 2 1  42 95 
32 22 42 96 

>535OC r e s i d u e  27 22 47 96 
31 19 48 98 

I t  

II 

I t  

I t  

I t  

I ,  
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TABLE 2 .  - Hydrocarbon s e p a r a t i o n  r e su l t s  o f  whole s h a l e  o i l s  

W t .  p e r c e n t  of hydrocarbons 
from t o t a l  o i l  Percent  

S h a l e  o i l  sample S a t u r a t e  O l e f i n  Aromatic recovery 
150-ton r e t o r t  53  1 7  2 2  92 

II 40 2 1  2 2  8 3  

S i t e  9 r e t o r t  
I t  

46 1 8  18 82 
55 15 2 0  90 

Paraho r e t o r t  41 27 2 4  92 

Super ior  r e t o r t  4 1  26 32 99 
11  36 31  2 8  95 
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b) AROMATICS 
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d) SATURATES 
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WAVELENGTH, cm-’ 

FIGURE 2. Partial  infrared spectra of shale oil 210-370°C 
distillate total hydrocarbon and fractions 
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FIGURE 3. Carbon-13 NMR spectra o f  hydrocarbon fractions 
from Paraho 370-535OC distillate 
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LOW TEMPERATURE CLEAVAGE REACTIONS OF ILLINOIS NO. 6 COAL 

Frank  R .  Mayo, David H.  Buchanan,l and Lee A .  Pavelka  

S R I  I n t e r n a t i o n a l ,  Menlo Park ,  C a l i f o r n i a  94025 

T h i s  paper p r e s e n t s  a p r o g r e s s  r e p o r t  on our e f f o r t s  t o  de te rmine  t h e  k inds  and 
p r o p o r t i o n s  of  s i n g l e  bond i n  I l l i n o i s  No. 6 c o a l  t h a t  can  b e  broken below 100°C. The 
p r i n c i p a l  o b s t a c l e  t o  t h e  u s e  of p r e s e n t  l i q u e f a c t i o n  processes  i s  t h e  h igh  c o s t  of 
p l a n t s  t h a t  would employ t h e  r e q u i r e d  h igh  tempera tures  and p r e s s u r e s .  Our work d e a l s  
o n l y  w i t h  low-temperature p r o c e s s e s  near a tmospher ic  p r e s s u r e .  It h a s  focused o n  (1)  
t h e  a s p h a l t o l  f r a c t i o n  of I l l i n o i s  No. 6 c o a l ,  which i s  t h e  p y r i d i n e - s o l u b l e ,  toluene- 
i n s o l u b l e  f r a c t i o n  t h a t  comprises about two- th i rds  of t h e  15% of c o a l  t h a t  can be ex- 
t r a c t e d  by p y r i d i n e ,  and (2)  t h e  p y r i d i n e - e x t r a c t e d  c o a l ,  which i s  about 85% of t h e  
i n i t i a l  d ry  c o a l ,  and which r e p r e s e n t s  t h e  e s s e n c e  of t h e  l i q u e f a c t i o n  problem. 

Oxida t ions  

Previous  work by Huntington e t  a12 d e s c r i b e d  t h e  e f f e c t s  on t h e  same two sub- 
s t r a t e s  of (1) AIBN-in i t ia ted  o x i d a t i o n s  i n  p y r i d i n e  s o l u t i o n  a t  50°C, and (2)  r e f l u x -  
i n g  w i t h  a l c o h o l i c  KOH (781) w i t h o u t  oxygen. 
a v e r a g e  molecular weight (Mn, by vapor-phase osmometry) of t h e  a s p h a l t o l  by n e a r l y  50% 
b u t  s e q u e n t i a l  t r e a t m e n t  w i t h  both  r e a g e n t s  produced l i t t l e  a d d i t i o n a l  e f f e c t ,  as i f  
t h e  two r e a g e n t s  were a f f e c t i n g  s i m i l a r  bonds.  Only about 10% of t h e  e x t r a c t e d  c o a l  
w a s  made s o l u b l e  i n  p y r i d i n e ,  bu t  some s u b s t r a t e  became s o l u b l e  i n  a l c o h o l i c  KOH. 

E i t h e r  r e a g e n t  would reduce  t h e  number- 

N a O C l  o x i d a t i o n  of very  f i n e l y  d iv ided  e x t r a c t e d  c o a l  i n  water  suspens ion  a t  30" 
and pH 1 3  h a s  been much more e f f e c t i v e  i n  d i s s o l v i n g  t h i s  m a t e r i a l . 3  76% of t h e  
carbon i n  t h e  e x t r a c t e d  c o a l  has  been converted t o  b l a c k  a c i d s  (M, about 1000) s o l u b l e  
i n  aqueous base ,  and 7% t o  water -so luble  acids; 4% of t h e  i n i t i a l  carbon w a s  undis- 
so lved;  t h e  remaining 12% is presumably i n  carbon oxides .  Oxygen o x i d a t i o n  of ex- 
t r a c t e d  c o a l  i n  water  suspens ion  a t  pH 13 and 50" is much s lower  b u t  has  l e d  t o  85% 
d i s s o l u t i o n  of t h e  c o a l  and recovery  of 66% of t h e  o r i g i n a l  c o a l  i n  b l a c k  a c i d s .  Oxi- 
d a t i o n s  of a s p h a l t o l ,  w e l l  d i s p e r s e d  i n  water a t  pH 13 ,  gave b e t t e r  r e s u l t s :  wi th  
N a O C l  a t  30°,  99% d i s s o l u t i o n  and 93% of t h e  carbon i n  b l a c k  a c i d s ;  wi th  oxygen a t  50°,  
98% d i s s o l u t i o n  and 80% of  t h e  carbon i n  b l a c k  a c i d s .  

These o x i d a t i o n s  i n  w a t e r  suspens ion  a t  pH 1 3  and o x i d a t i o n s  w i t h  A I B N  and oxygen 
i n  p y r i d i n e  s o l u t i o n 2  a t  50°C appear  t o  proceed by d i f f e r e n t  mechanisms. 
i n i t i a t e d  o x i d a t i o n s  of e x t r a c t e d  c o a l ,  t h e  H/C r a t i o  d e c r e a s e s  from . 7 3  t o  .69, as 
i f  b e n z y l i c  hydrogen were be ing  removed p r e f e r e n t i a l l y .  However, i n  bo th  N a O C l  and 
oxygen o x i d a t i o n s  of bo th  a s p h a l t o l  and e x t r a c t e d  c o a l  i n  w a t e r ,  H / C  i n c r e a s e s  some- 
what, no twi ths tanding  rep lacement  of some H by 0 ,  s u g g e s t i n g  p r e f e r e n t i a l  removal of 
a r o m a t i c  groups.  P o s s i b l y  some hydroxyla ted  a romat ic  r i n g s  a r e  s i tes  of  a t t a c k .  The 
p r i n c i p a l  p r o d u c t s ,  b l a c k  a c i d s ,  from oxygen and NaOCl o x i d a t i o n s  i n  water  a t  pH 1 3  
have similar composi t ions .  

Cleavages of A s p h a l t o l s  

I n  r a d i c a l -  

R e s u l t s  of c l e a v a g e s  of a s p h a l t o l s ,  p robably  a t  e t h e r  l i n k s ,  a r e  summarized i n  
F i g u r e s  1 and 2 .  
s l i g h t l y  d i f f e r e n t  Mn.  I n  g e n e r a l ,  r e a c t i o n s  were r u n  under  n i t r o g e n ,  and a t  room 
tempera ture  e x c e p t  a s  no ted .  Products  were sometimes s e p a r a t e d  by s o l u b i l i t y  b u t  
always washed f r e e  o f  r e a g e n t s  and s o l v e n t s  and d r i e d  i n  an  Abderhalden d r i e r  a t  
<0.001 t o r r ,  u s u a l l y  a t  14OoC i n  F igure  1, u s u a l l y  a t  76OC i n  F i g u r e  2. 
need f o r  140' d r y i n g  seems to-be w i t h  samples t h a t  c o n t a i n  p y r i d i n e  or  amines and 
have n o t  been acid-washed.) M n s  were determined by VPO in p y r i d i n e ,  i n  which a l l  pro- 
d u c t s  were s o l u b l e ,  a t  c o n c e n t r a t i o n s  of 0 .5  t o  3g/L. Keys t o  a b b r e v i a t i o n s  and 

E_ach h a l f  of each  t a b l e  s t a r t s  from t h e  c e n t e r  w i t h  a s p h a l t o l  wi th  

(The o n l y  
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arrangement of d a t a  a r e  given i n  F igu re  2 .  
t h e  middle of each second l i n e  of each b lock  of d a t a .  

Thus, molecular  weights  of p roduc t s  a r e  i n  

Experiments i n  t h e  upper l e f t  q u a r t e r  of F i g u r e  1 show t h a t  e i g h t  e x t r a c t i o n s  of 

23% of  t h e  o r i g i n a l  C was l o s t ,  a t  l e a s t  p a r t l y  a s  wa te r - so lub le  
a s p h a l t o l  with 5% KOH a t  room temperature  r e s u l t e d  i n  s o l u t i o n  and r ecove ry  of 9% of 
s o l u b l e  carbon. 
and/or  v o l a t i l e  p roduc t s .  
a t  78O.2 

Molecular weight  r educ t ions  without  h e a t i n g  p a r a l l e l  t h o s e  

React ions of a s p h a l t o l  w i th  benzylamine ( lower l e f t  q u a r t e r  i n  F igu re  l ) ,  and 
then  drowning t h e  r e a c t i o n  i n  e t h e r  or methanol, r e s u l t e d  i n  p a r t  of t h e  a s p h a l t o l  
becoming so lub le  i n  t h e s e  s o l v e n t s  and a d e c r e a s e  i n  fin of about  one-half .  Treatment 
of the e t h e r - i n s o l u b l e  product  w i th  a l c o h o l i c  KOH r e s u l t e d  i n  f r a c t i o n a t i o n  of t h e  
product  b u t  not  f u r t h e r  deg rada t ion .  The butylamine-methanol combinat ion appea r s  t o  
behave s i m i l a r l y .  

Py r id ine  hydroiodide i n  p y r i d i n e  a t  room temperature  dec reases  t h e  En of a s p h a l t o l  
t o  one-half t o  one - th i rd  of t h e  o r i g i n a l  (upper r i g h t  i n  F igu re  1 ) .  Th i s  experiment  
w a s  run on the  premise t h a t  p y r i d i n e  hydroiodide would be an a c i d  i n  p y r i d i n e ,  which 
is an e x c e l l e n t  s o l v e n t  f o r  a s p h a l t o l .  
a s  H I .  Asphal t01 was t r e a t e d  wi th  methyl i o d i d e  a t  room temperature  i n  t h e  hope of 
making sulfonium as w e l l  as pyridinium salts .  
reduced p res su re  i n  t h e  e x p e c t a t i o n  of s p l i t t i n g  out  methyl i o d i d e  from pyr id in ium 
salts  (without  n e t  c o a l  bond c l eavage )  and conversion of t h e  o r i g i n a l  s u l f i d e s  t o  
methyl s u l f i d e s  and c o a l  a l k y l  i o d i d e s ,  w i t h  n e t  c l eavage  of s u l f i d e  bonds. However, 
t h e  r educ t ion  i n  En from 1250 t o  660 i s  s u r p r i s i n g l y  h igh ,  s i n c e  the  1 . 7 %  S con ten t  
corresponds t o  on ly  0.66 S / a s p h a l t o l  molecule ,  of which most is expected t o  be i n  
h e t e r o c y c l i c  a romat i c  r i n g s .  
d u p l i c a t e  experiment i n  F igu re  2 .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  I a l o n e  may be a b l e  
t o  c l eave  e t h e r  l i n k s , a  conc lus ion  t o  be supported i n  d i s c u s s i o n  of F i g u r e  2.  Thus, 
a b i l i t i e s  of Me.Si14 and of hexamethy ld i s i l azane  p l u s  MEsSiCl ( t h e  l a t t e r  i n t ended  f o r  
t r i m e t h y l s i l y l a t i o n ?  t o  c l e a v e  a s p h a l t o l s  may be due a s  much or more t o  h a l i d e  ions  
gene ra t ed  a s  t o  t h e  o r i g i n a l  r eagen t .  

However, methyl i o d i d e  w a s  n e a r l y  as e f f e c t i v e  

The product  was then  hea ted  t o  140' a t  

A somewhat g r e a t e r  r educ t ion  i n  Mn is r e p o r t e d  f o r  a 

We t r i e d  sodium i n  l i q u i d  ammonia as an e the r -c l eav ing  r e a g e n t ,  b u t  found t h a t  
a d d i t i o n  of sodium i n  l i q u i d  ammonia t o  a co ld  s o l u t i o n  of a s p h a l t o l  i n  butylamine 
gave b e t t e r  c o n t r o l ,  less r e d u c t i o n  of t h e  a s p h a l t o l ,  and a dec rease  i n  Mn by n e a r l y  
50%. Treatment of t h i s  product  with p y r i d i n e  hydroiodide ( r i g h t  c e n t e r  of F igu re  1) 
then gave f u r t h e r  r e d u c t i o n  i n  molecular  weight .  However, our d a t a  s u g g e s t  t h a t  com- 
b i n a t i o n  of the  sodium and H I  r e a c t i o n s  gave no more c l eavage  than  H I  a l o n e .  

F i g u r e  2 summarizes c l eavage  r e a c t i o n s  of two o t h e r  a s p h a l t o l s  w i t h  H I  (check of 
Figure 1 experiment) ,  H B r ,  t o luene  s u l f o n i c  a c i d ,  and some me ta l  s a l t s ,  (except  
t h e  Me1 experiment)  i n  p y r i d i n e  s o l u t i o n .  The o t h e r  a c i d s ,  even a t  50°,  are n o t  a s  
e f f e c t i v e  a s  H I  a t  room temperature ,  b u t  z i n c  bromide, and e s p e c i a l l y  z i n c  c h l o r i d e  
and L i I*Hz0 ,6  have given more molecular  weight  r e d u c t i o n  than any of t h e  a c i d s .  How- 
e v e r ,  a l l  of t h e s e  r e a c t i o n s  have a p p a r e n t l y  r e s u l t e d  i n  i n c o r p o r a t i o n  of p y r i d i n e  i n  
t h e  p roduc t s ,  a s  shown by t h e  high r e c o v e r i e s  and h igh  n i t r o g e n  con ten t s .  Some pro-  
d u c t s  a l s o  l o s e  weight  s lowly and p e r s i s t e n t l y  on h e a t i n g  a t  140" i n  vacuo.  
exp lana t ion  is t h a t  c l eavage  of an a r y l  a l k y l  e t h e r  by me ta l  h a l i d e  g i v e s  metal  pheno- 
l a t e  and a l k y l  h a l i d e ;  some of the  l a t t e r  then r e a c t s  w i t h  p y r i d i n e  s o l v e n t  t o  g i v e  
u n s t a b l e  qua te rna ry  pyridinium s a l t s .  However, t h e  remarkable  r e a c t i v i t y  of t h e s e  re -  
agen t s  a t  low temperatures  may be a s s o c i a t e d  wi th  t h e  use of p y r i d i n e  as s o l v e n t .  

Conclusions 

A p o s s i b l e  

Th i s  p rogres s  r e p o r t  shows t h a t  a s p h a l t o l  from I l l i n o i s  No. 6 c o a l  can  be ex ten -  
s i v e l y  degraded a t  or nea r  room temperature  by s e v e r a l  a c i d i c  and b a s i c  r e a g e n t s  and 
by some o x i d i z i n g  and r educ ing  a g e n t s ,  w i t h  good t o  e x c e l l e n t  recovery of o r i g i n a l  
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carbon. These a g e n t s  appear  t o  a t t a c k  e t h e r  l i n k s ,  o r  maybe aromat ic  r i n g s  i n  oxida- 
t i o n s  a t  pH 1 3 ,  b u t  a s  y e t  we know of no precedent  f o r  r e a c t i o n s  of a l i p h a t i c  amines 
o r  a l c o h o l i c  KOH wi th  e t h e r s  a t  t h e s e  tempera tures .  To de te rmine  t h e  p r o p o r t i o n s  of 
v a r i o u s  kinds of  b r e a k a b l e  s i n g l e  bonds i n  I l l i n o i s  No. 6 c o a l ,  we p l a n  t o  c a r r y  out  
f u r t h e r  degrada t ions  on a s p h a l t 0 1  by combinations of r e a g e n t s ,  and t h e n  ex tend  t h e  
most promising of t h e s e  r e a c t i o n s  t o  e x t r a c t e d  c o a l .  We expec t  t h a t  t h i s  k ind  of 
in format ion  w i l l  p r o v i d e  t h e  b a s i s  f o r  new and economical approaches t o  c o a l  l i q u e f a c -  
t i o n ,  which w i l l  employ much m i l d e r  c o n d i t i o n s  and much less expens ive  p r o c e s s e s  and 
p l a n t s .  
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Key t o  a-gement of data: Abbreviations : 

Sanple Atom $ C/ H/C /.O/C A s  = asphalt01 + Bn = benzyl Py = pyridine 
Yield Bu, Et, Me = n-butyl, ethyl, methyl 
4 HbDS = hemethyldisilazme 

d,  h,  rn = days, hours, minutes No. Vt. $ /-weq.OH/rnole 

Figure 2. Cleavages of asphaltole in pyridine eolution (except with HeI) 
and at room temperature (except a8 noted othenise) .  
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OXYDESULFURIZATION OF COAL TREATED WITH METHYL IODIDE -- 
IMPLICATIONS FOR REMOVAL OF ORGANIC SULFUR 

R. Warkuszewski, C.-K. Weia, and T.  D .  Wheelock 

A m e s  L a b o r a t o r y ,  USDOE, and 
Department of  Chemical Engineer ing  

Iowa S t a t e  U n i v e r s i t y ,  
A m e s ,  Iowa 50011 

I n t r o d u c t i o n  

Zn t h e  chemica l  d e s u l f u r i z a t i o n  p r o c e s s  b e i n g  developed a t  t h e  
Ames Labora tory ,  c o a l  i s  leached  w i t h  a d i l u t e  s o l u t i o n  of sodium 
c a r b o n a t e  c o n t a i n i n g  d i s s o l v e d  oxygen under  p r e s s u r e  and a t  e l e v a t e d  
tempera ture .  For  many c o a l s ,  most of  t h e  i n o r g a n i c ' s u l f u r  c a n  be  
removed, and t h e  o r g a n i c  s u l f u r  c o n t e n t  can be  reduced  by 25-40% 
( 1 , Z ) .  I n  some i n s t a n c e s ,  as much as 70% of t h e  o r g a n i c  s u l f u r  h a s  
been removed. An e s s e n t i a l  p i e c e  of  i n f o r m a t i o n  i n  e v a l u a t i n g  t h e  
e f f e c t i v e n e s s  of  a p r o c e s s  f o r  t h e  removal  of  o r g a n i c  s u l f u r  i s  t h e  
i d e n t i . t y  and r e a c t i v i t y  of t h e  v a r i o u s  s u l f u r  f u n c t i o n s  grouped under  
t h e  term "organic  s u l f u r . "  

Although much d a t a  is  a v a i l a b l e  on t h e  c o n t e n t  and d i s t r i b u t i o n  of 
the s o - c a l l e d  p y r i t i c ,  s u l f a t i c ,  and o r g a n i c  s u l f u r  i n  v a r i o u s  c o a l s ,  
rei-atively l i t t l e  h a s  been p u b l i s h e d  on t h e  n a t u r e  and abundance of 
t h e  o r g a n i c  s u l f u r  g r o u p s  i n  c o a l .  E s s e n t i a l l y  no d a t a  a r e  a v a i l a b l e  
on  t h e  r e a c t i v i t y  of  such  f u n c t i o n a l  groups  under  o x i d i z i n g  c o n d i t i o n s ,  
such a s  t h o s e  found d u r i n g  o x y d e s u l f u r i z a t i o n .  I n  f a c t ,  no c o m p l e t e l y  
s a t i s f a c t o r y  method e x i s t s  as y e t  f o r  t h e  d i r e c t  d e t e r m i n a t i o n  of  or-  
g a n i c  s u l f u r  i n  c o a l ,  a l t h o u g h  a few methods a r e  b e i n g  developed .  
These methods are based  e i t h e r  on microprobe  a n a l y s i s  ( 3 , 4 ) ,  o r  on  low- 
k m p e r a t u r e  a s h i n g  of  t h e  o r g a n i c  components of c o a l  ( 5 ) ,  o r  on t h e i r  
t h e r m o k i n e t i c  r e d u c t i o n  t o  hydrogen s u l f i d e  ( 6 ) .  A s  a r o u t i n e ,  however, 
o r g a n i c  s u l f u r  i s  s t i l l  b e i n g  de termined  as t h e  d i f f e r e n c e  between t h e  
t o t a l  s u l f u r  and t h e  amount of  t h e  i n o r g a n i c  ( i . e . ,  p y r i t i c  p l u s  s u l -  
f a t i c )  s u l f u r ,  a c c o r d i n g  t o  ASTM p r o c e d u r e s .  

Attempts  t o  i d e n t i f y  and q u a n t i t a t i v e l y  d e t e r m i n e  o r g a n i c  s u l f u r  
f u n c t i o n s  i n  c o a l  have  been few. On t h e  b a s i s  o f  v e r y  s p a r s e  d a t a ,  i t  
i s  g e n e r a l l y  assumed t h a t  t h e  o r g a n i c  s u l f u r  i n  c o a l  c a n  be  d e s c r i b e d  
a lmost  comple te ly  by t h e  f o l l o w i n g  c l a s s e s :  

a P r e s e n t  a d d r e s s :  Dept .  of Chemical  E n g i n e e r i n g ,  U n i v e r s i t y  of  Minnesota ,  
Minneapol i s ,  MN 55455 
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Class 1. A l i p h a t i c  o r  a r o m a t i c  t h i o l s  (mercaptans ,  
t h i o p h e n o l s ) :  R-SH, Ar-SH 

Class 2 .  A l i p h a t i c ,  a r o m a t i c ,  o r  mixed s u l f i d e s  
( t h i o e t h e r s ) :  R-S-R, Ar-S-Ar, R-S-Ar 

Class 3. A l i p h a t i c ,  a r o m a t i c ,  or mixed d i s u l f i d e s  
( b i s t h i o e t h e r s ) :  R-SS-R, Ar-SS-Ar, R-SS-Ax 

Class 4 .  H e t e r o c y c l i c  compounds o f  t h e  t h i o p h e n e  t y p e :  
e .g., d i b e n z o t h i o p h e n e  

It i s  g e n e r a l l y  assumed t h a t  any chemica l  d e s u l f u r i z a t i o n  p r o c e s s  
that can  remove o r g a n i c  s u l f u r  w i l l  do s o  because  of t h e  r e a c t i v i t y  of  
compounds i n  C l a s s  1, 2 ,  and 3. H e t e r o c y c l i c  compounds i n  Class 4 are 
ext remely  s t a b l e  t o  chemica l  a t t a c k  and h i g h  t e m p e r a t u r e .  

The fundamental  approach  i n  t h i s  s t u d y  i s  b a s e d  on t h e  d i f f e r e n t  
r e a c t i v i t y  of  methyl  i o d i d e  toward d i f f e r e n t  o r g a n o s u l f u r  f u n c t i o n s  t o  
produce su l fonium compounds. The g e n e r a l  scheme o f  r e a c t i o n s  f o r  t h e  
v a r i o u s  c l a s s e s  o f  s u l f u r  groups  can  b e  summarized a s  f o l l o w s  ( 7 ) :  

1. H e r c a p t a n s :  

R-SH + CH I ---t R-S-CH + H I  3 3 
+ - 

R-S-CH3 + CH I *R-S -(CH ) 3 3 2 I  

2. S u l f i d e s :  

+ 
R-S-R + CH I - R2S -CH I- 3 3 

3. D i s u l f  i d y  : 

+ 
R-SS-R + 4 CH 1 - 2  R-S (CH3)2 I- + I2 3 

4 .  H e t e r o c y c l i c  compounds: 

Dibenzoth iophene  + CH I + n o  r e a c t i o n  3 

3 )  

4 )  

The r e a c t i o n  of c o a l  w i t h  methyl  i o d i d e  w a s  used p r e v i o u s l y  ( 8 )  
t o  de te rmine  t h e  t h i o e t h e r  c o n t e n t  of c o a l  by measur ing  t h e  u p t a k e  o f  
i o d i n e ,  presumably a s s o c i a t e d  as i o d i d e  w i t h  t h e  s u l f o n i u m  compounds. 
But t h e  i o d i n e  u p t a k e  is n o t  a t r u e  measure of t h e  t h i o e t h e r  c o n t e n t  
because  o t h e r  compounds, n o t a b l y  h e t e r o c y c l i c  n i t r o g e n  compounds, can  
al.so r e a c t  r e s u l t i n g  i n  u p t a k e  o f  i o d i n e .  To overcome t h i s  d i f f i c u l t y ,  
t h e  s u l f o n i u m  compounds were washed o u t  w i t h  a s o l v e n t  l i k e  a c e t o n e ,  
and t h e  d e c r e a s e  i n  t h e  s u l f u r  c o n t e n t  was t h e n  t a k e n  as t h e  i n d i c a t o r  
of t h e  t h i o e t h e r  c o n t e n t  ( 7 ) .  A s i m i l a r  p r o c e d u r e  w a s  adopted  i n  t h i s  
work. 



Exper imenta l  

Ma t er i a l  s 

The c o a l  used i n  t h i s  s t u d y  was a h i g h - v o l a t i l e  b i tuminous  c o a l  
from t h e  Star mine i n  Mahaska County, Iowa. The c o a l  w a s  p u l v e r i z e d ,  
s c r e e n e d  us ing  U.S. S tandard  sieves, d r i e d ,  and a n a l y z e d  f o r  a s h ,  h e a t -  
i n g  v a l u e ,  and s u l f u r  d i s t r i b u t i o n  by ASTM p r o c e d u r e s .  

F r e s h  methyl  i o d i d e  was used d i r e c t l y  from t h e  r e a g e n t  b o t t l e .  I n  
some exper iments ,  t h e  r e a g e n t  was c l e a n e d  by s h a k i n g  w i t h  mercury ,  b u t  
no s i g n i f i c a n t  d i f f e r e n c e  was n o t i c e d  i n  t h e  r e s u l t s .  

Methyl I o d i d e  Reac t ion  

A s l u r r y  o f  20  g c o a l  and 30 m l  methyl  i o d i d e  was p laced  i n  a l a r g e  
test t u b e ,  covered w i t h  f o i l ,  and a l lowed t o  s t a n d  f o r  3 days  a t  room 
t e m p e r a t u r e .  The s l u r r y  was then  f i l t e r e d  and washed w i t h  a b o u t  2 1. 
a c e t o n e  t o  remove r e a c t i o n  p r o d u c t s  and u n r e a c t e d  methyl  i o d i d e ,  u n t i l  
t h e  test  f o r  i o d i d e  ( s i l v e r  n i t r a t e )  was n e g a t i v e .  The t r e a t e d  c o a l  
was d r i e d  and ana lyzed  a g a i n .  Q u a l i t a t i v e  tests f o r  r e s i d u a l  i o d i d e  
i n  t h e  t r e a t e d  c o a l  (hydrogen p e r o x i d e  t r e a t m e n t  fo l lowed by e x t r a c t i o n  
of  i o d i n e  i n t o  a benzene l a y e r )  showed o n l y  t r a c e s  o f  i o d i d e .  The 
methyl  i o d i d e  t r e a t m e n t s  w e r e  r e p e a t e d  on enough c o a l  samples  t o  p r o v i d e  
a s t o c k  of t r e a t e d  c o a l  t o  be  used f o r  t h e  o x y d e s u l f u r i z a t i o n  e x p e r i m e n t s .  

O x y d e s u l f u r i z a t i o n  of Coal  i n  Autoc lave  

The c o a l  ( 4 0  g)  was leached  f o r  1 h r  w i t h  400 m l  s o l u t i o n  i n  a 
I - l i t e r  a u t o c l a v e  d e s c r i b e d  p r e v i o u s l y  (1). The l e a c h i n g  w a s  done a t  
1 5 O o C  under  50 o r  200 p s i a  oxygen p a r t i a l  p r e s s u r e .  For  non-oxid iz ing  
c o n d i t i o n s ,  a p a r t i a l  p r e s s u r e  of 5 0  p s i a  n i t r o g e n  was used.  Water o r  
0 . 2  E sodium c a r b o n a t e  was used as t h e  l e a c h i n g  s o l u t i o n .  
from t h e  a1kal i ;e  l e a c h i n g  s t e p  were  l e a c h e d  f o r  a second t ime,  a l s o  
f o r  1 h r  a t  150 C ,  u s i n g  w a t e r ,  0 .1  E s u l f u r i c  a c i d ,  0 . l M  p h o s p h o r i c  
a c i d ,  o r  0 . 2  M sodium c a r b o n a t e  i n  a n i t r o g e n  atmosphere.  

The r e s i d u e s  

C a l c u l a t i o n s  

I n  o r d e r  t o  a c c o u n t  f o r  t h e  d i f f e r e n t  l e v e l s  of  a s h  i n  t h e  v a r i o u s  c o a l  
r e s i d u e s ,  t h e  s u l f u r  c o n t e n t  was c o n v e r t e d  from weight  p e r c e n t  t o  pounds 
of  s u l f u r  p e r  m i l l i o n  Btu. T h i s  c o n v e r s i o n ,  i n  e f f e c t ,  a l lowed t h e  com- 
p a r i s o n  of t h e  o r g a n i c  s u l f u r  c o n t e n t  i n  t h e  o r g a n i c  
p o r t i o n  of t h e  c o a l .  

( i . e . ,  c o m b u s t i b l e )  

I n  a few cases, t h e  h e a t i n g  v a l u e  was n o t  a c t u a l l y  de te rmined  b u t  
was c a l c u l a t e d  u s i n g  a formula  (l), based  on t h e  assumpt ion  t h a t  t h e  
a s h - f r e e  h e a t i n g  v a l u e  is r e l a t i v e l y  c o n s t a n t  f o r  t h e  same c o a l ,  r e g a r d -  
less of t h e  t r e a t m e n t  c o n d i t i o n s .  

189 



R e s u l t s  and D i s c u s s i o n  

Removal of S u l f u r  b y t h e  Methyl I o d i d e  Trea tment  

The r e s u l t s  of t r e a t i n g  c o a l  w i t h  methyl  i o d i d e  are p r e s e n t e d  i n  
T a b l e  1. Based on t h e  pounds o f  s u l f u r  p e r  m i l l i o n  Btu,  t h e  methyl  
i o d i d e  t r e a t m e n t  removed, on t h e  a v e r a g e ,  4 8 . 3 %  of t h e  o r g a n i c  s u l f u r .  
T h i s  seems t o  i n d i c a t e  t h a t  a t  l e a s t  one-ha l f  of t h e  o r g a n i c  s u l f u r  
i s  i n  t h e  c l a s s  t h a t  i s  reactive toward methyl  i o d i d e .  S ince  t h i o p h e n i c  
compounds a r e  u n r e a c t i v e  and d i s u l f i d e  groups  r e a c t  t o o  s lowly  a t  room 
tempera tu re ,  t h e  r e a c t i v e  p o r t i o n  of t h e  o r g a n i c  s u l f u r  i s  p robab ly  of 
t h e  s u l f i d e  and mercap tan  c l a s s e s .  

F u r t h e r  t e s t s  were run  by t r e a t i n g  m i n e r a l  p y r i t e  w i t h  methyl  
i o d i d e  under s i m i l a r  c o n d i t i o n s  and then  washing  w i t h  a c e t o n e .  No 
r e a c t i o n  was o b s e r v e d ;  t h e  s u l f u r  c o n t e n t  w a s  u n a f f e c t e d .  A l s o ,  
s i m p l e  washing of c o a l  w i t h  2 1. of a c e t o n e  (wi thou t  p r i o r  methyl  i o d i d e  
t r e a t m e n t )  d i d  n o t  a l t e r  s i g n i f i c a n t l y  t h e  a s h  c o n t e n t ,  h e a t i n g  v a l u e ,  
and s u l f u r  d i s t r i b u t i o n  of t h e  c o a l .  

Another p o s s i b l e  e x p l a n a t i o n  f o r  t h e  r e d u c t i o n  of t h e  o r g a n i c  
s u l f u r  may be  o f f e r e d  i f  methyl  i o d i d e  s imply  m e t h y l a t e s  t h e  c o a l ,  
t h u s  i n c r e a s i n g  i t s  o r g a n i c  c o n t e n t  and d e c r e a s i n g  t h e  s u l f u r  c o n t e n t  
by " d i l u t i o n . "  I f  t h i s  o b s e r v a t i o n  were  a r e f l e c t i o n  of a m e t h y l a t i n g  
e f f e c t ,  then  t h e  h e a t i n g  v a l u e  should  have i n c r e a s e d ,  t h e  a s h  c o n t e n t  should  
have  dec reased ,  and t h e  " d i l u t i o n "  shou ld  a p p l y  t o  a l l  t y p e s  of s u l f u r  
i n  c o a l .  Yet t h e  changes  i n  a s h  c o n t e n t ,  h e a t i n g  v a l u e ,  and weight  
r e c o v e r y  were i n s i g n i f i c a n t ;  and t h e  p y r i t i c  and  s u l f a t i c  s u l f u r  v a l u e s  
w e r e  f a i r l y  c o n s t a n t .  It seems, t h e r e f o r e ,  that  o r g a n i c  s u l f u r  was 
r e a l l y  removed by t h i s  p rocedure .  It i s  n o t  known, however,  by what 
mechanism t h e  s u l f o n i u m  s a l t s  are washed away. 

Removal of S u l f u r  by O x i d a t i v e  Leach ing  

The r e s u l t s  o f  l e a c h i n g  t h e  methyl  i o d i d e - t r e a t e d  c o a l  are pre- 
s e n t e d  i n  Tab le  2 .  The s u l f u r  c o n t e n t  should  be  compared n o t  on ly  
t o  t h a t  of t h e  i n i t i a l  c o a l  b u t  a l s o  t o  t h a t  o f  t h e  me thy l  i od ide -  
t r e a t e d  c o a l  ir! Tab le  2 .  It c a n  be  s e e n  t h a t  l e a c h i n g  w i t h  a l k a l i  o n l y ,  
(sample'No. 016D), i n  t h e  absence  of oxygen, d i d  n o t  have  any e f f e c t  
on  t h e  s u l f u r  c o n t e n t .  When l e a c h i n g  i n  t h e  p r e s e n c e  of oxygen, t h e  
t o t a l  s u l f u r  c o n t e n t  d e c r e a s e d ,  l a r g e l y  because  of a d e c r e a s e  i n  t h e  
i n o r g a n i c  s u l f u r  c o n t e n t .  The t o t a l  s u l f u r  c o n t e n t  w a s  lower  when 
h i g h e r  oxygen p a r t i a l  p r e s s u r e s  were used o r  when t h e  l e a c h i n g  s o l u t i o n s  
were a l k a l i n e .  The o r g a n i c  s u l f u r  c o n t e n t  was r e l a t i v e l y  c o n s t a n t ,  a l -  
though i t  appea red  s l i g h t l y  h i g h e r  under  n o n - a l k a l i n e  c o n d i t i o n s  when 
water on ly  w a s  used  as t h e  l e a c h a n t .  
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In  T a b l e  3 r e s u l t s  are p r e s e n t e d  f o r  d e s u l f u r i z a r i o n  e x p e r i m e n t s  
i n  which a second l e a c h i n g  s t e p  was added a f t e r  t h e  f i r s t  l e a c h i n g  
s t e p  w i t h  a n  a l k a l i n e  s o l u t i o n .  The a d d i t i o n a l  l e a c h i n g  was done i n  
a non-oxid iz ing  n i t r o g e n  a tmosphere ,  u s i n g  water, s u l f u r i c  a c i d ,  
phosphor ic  a c i d ,  o r  sodium c a r b o n a t e  s o l u t i o n s .  As ide  from one  r u n  
which a p p e a r s  t o  be  anomalous,  t h e  t o t a l  s u l f u r  c o n t e n t  d i d  n o t  seem 
to  be reduced by t h e  second l e a c h i n g  s t e p .  

The o r g a n i c  s u l f u r  c o n t e n t ,  however ,  a p p e a r s  t o  b e  s l i g h t l y  h i g h e r  
t h a n  that  o b t a i n e d  a f t e r  one  l e a c h i n g  s t e p ,  under  a l k a l i n e  c o n d i t i o n s  
and i n  t h e  p r e s e n c e  of  oxygen. I t  may be  p o s s i b l e  t h a t  under  t h e  n i t -  
rogen  atmosphere o f  t h e  second s t e p ,  some of  t h e  p y r i t e  may be  c o n v e r t e d  
t o  elemental s u l f u r .  Such a c o n v e r s i o n  would be c h a r a c t e r i z e d  by a de- 
c r e a s e  i n  t h e  p y r i t i c  s u l f u r ,  an i n c r e a s e  i n  t h e  o r g a n i c  s u l f u r ,  b u t  no 
change i n  t h e  t o t a l  s u l f u r .  Such a convers ion  would a l s o  be  f a v o r e d  
by a c i d i c  c o n d i t i o n s .  

I M e t b l  I o d i d e  Trea tment  of  Oxydesul fur ized  Coal  

The r e s u l t s  i n  Table  4 show t h e  e f f e c t  of methyl  i o d i d e  t r e a t m e n t  
on S t a r  c o a l  t h a t  had  been  p r e c l e a n e d  by a f l o a t - s i n k  t e c h n i q u e  and 
s u b s e q u e n t l y  l e a c h e d  f o r  1 h r  w i t h  0 .2  fl sodium c a r b o n a t e  a t  15OoC 
under  50 o r  200 p s i a  p a r t i a l  p r e s s u r e  of oxygen. 
s u l f u r  v a l u e s  i n  T a b l e  1, t h e  c l e a n i n g  and l e a c h i n g  a p p a r e n t l y  removed 
o n l y  t h e  i n o r g a n i c  s u l f u r ,  l e a v i n g  t h e  o r g a n i c  s u l f u r  c o n t e n t  l a r g e l y  
u n a f f e c t e d .  Leaching a t  h i g h e r  oxygen p a r t i a l  p r e s s u r e  seemed t o  remove 
more t o t a l  s u l f u r .  

By comparison w i t h  t h e  

C u r i o u s l y ,  s u b s e q u e n t  t r e a t m e n t  of t h e  leached  c o a l  w i t h  methyl  
i o d i d e  d i d  n o t  seem t o  remove any o r g a n i c  s u l f u r  a s  i t  d i d  when 
a p p l i e d  t o  t h e  r a w ,  un leached  c o a l  ( s e e  Tab1.e 1). T h i s  l a c k  o f  
r e a c t i v i t y  may b e  dueoto  p h y s i c a l  changes i n  t h e  c o a l  caused  by t h e  
h i g h  t e m p e r a t u r e  (150 C) of  t h e  l e a c h i n g .  A l t e r n a t i v e l y ,  t h e  chemica l  
l e a c h i n g  may have caused  a c o n v e r s i o n  of  r e a c t i v e  o r g a n o s u l f u r  g r o u p s  
i n t o  u n r e a c t i v e  groups .  Perhaps  a l s o  t h e  d i f f e r e n c e  i n  t h e  p a r t i c l e  
s i z e  (-200 mesh i n  t h i s  set of e x p e r i m e n t s  compared t o  -150/+200 mesh 
i n  p r e v i o u s  exper iments )  can  be  a c o n t r i b u t i n g  f a c t o r .  

Conclus ions  

Treatment  of  c o a l  w i t h  methyl  i o d i d e  fo l lowed by e x t e n s i v e  
washing w i t h  a s o l v e n t  t o  remove t h e  r e a c t i o n  p r o d u c t s  h a s  been used 
t o  remove a p p r o x i m a t e l y  one-half  o f  t h e  o r g a n i c  s u l f u r  c o n t e n t  i n  a n  
Iowa h i g h  v o l a t i l e  b i t u m i n o u s  c o a l .  The p y r i t i c  and s u l f a t i c  s u l f u r  
c o n t e n t  was n o t  a f f e c t e d  by t h e  m e t h y l  i o d i d e  t r e a t m e n t .  Washing t h e  
c o a l  w i t h  s o l v e n t  o n l y  d i d  no t  produce any e f f e c t  e i t h e r .  On t h e  b a s i s  
of chemica l  r e a c t i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  i t  is assumed t h a t  
t h e  r e a c t i v e  s u l f u r  groups  t h a t  were removed by t h i s  t r e a t m e n t  may 
be o r g a n i c  s u l f i d e s  or mercaptans .  
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Subsequent  l e a c h i n g s  of  t h e  methyl  i o d i d e - t r e a t e d  c o a l  under  v a r i o u s  
c o n d i t i o n s  o f  o x y d e s u l f u r i z a t i o n  d i d  n o t  r e d u c e  f u r t h e r  t h e  o r g a n i c  
s u l f u r  c o n t e n t .  The i n o r g a n i c  s u l f u r  c o n t e n t ,  however, was reduced  
by t h e  o x y d e s u l f u r i z a t i o n  s t e p s .  I t  can  b e  assumed t h a t  a l l  t h e  
r e a c t i v e  and a c c e s s i b l e  o r g a n i c  s u l f u r  was removed by  t h e  methyl 
i o d i d e  t r e a t m e n t ,  and f u r t h e r  chemical  d e s u l f u r i z a t i o n  w a s  d i r e c t e d  
o n l y  a g a i n s t  t h e  i n o r g a n i c  s u l f u r .  

When t h e  c o a l  was f i r s t  p r e c l e a n e d  by a f l o a t - s i n k  t e c h n i q u e  and 
then  leached  by t h e  o x y d e s u l f u r i z a t i o n  p r o c e d u r e ,  t h e  o r g a n i c  s u l f u r  
c o n t e n t  was n o t  a f f e c t e d  by subsequent  t r e a t m e n t  w i t h  methyl  i o d i d e .  
T h i s  l a c k  o f  r e a c t i v i t y  of  t h e  o r g a n i c  s u l f u r  toward methyl  i o d i d e  may 
be caused  by p h y s i c a l  o r  chemica l  changes i n  t h e  c o a l  b r o u g h t  a b o u t  
by the h igh  t e m p e r a t u r e  o r  chemica l  n a t u r e  of t h e  o x y d e s u l f u r i z a t i o n  
p r o c e s s .  
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Table  1. E f f e c t  of methyl  i o d i d e  (MeI) t r e a t m e n t  and a c e t o n e  (Me2CO) 
washing on s u l f u r  c o n t e n t  of c o a l . a  

6 Trea t -  H . V . ,  Ash, S C o n t e n t ,  l b . / 1 0  Btu. S Redn. ,  % 
No. ment B t u . / l b .  % Tot. Pyr .  S u l f .  Org. Org. T o t .  

O O l D  None 12579 8 .34  2.02 0 .98  0 .15  0 .89  -- -- 
029D Me2C0 12495 8 . 9 5  2.06 1 . 0 8  0 .20  0.78 -- -- 
003 Me1 + Me2C0 12552 8.29 1 . 6 8  1 . 0 8  0 .17  0 .43  50 .6  1 6 . 8  

004 Me1 + Me2C0 12490 8.46 1 .62  1 . 1 8  0 .14  0 .30  6 6 . 3  1 9 . 8  

005 Me1 + Me CO 12506 8 .57  1.78 -1.04 0 . 1 0  0.64 2 8 . 1  1 1 . 9  

Ave (of 003 ,  004,  005) 12516 8 . 4 4  1 .70  1.10 0.14 0.46 4 8 . 3  1 5 . 8  
2 

a s t a r  c o a l  (-150/+200 mesh) .  

b'lD" d e n o t e s  a v e r a g e  of  d u p l i c a t e  a n a l y s i s .  

T a b l e  2. One-step o x y d e s u l f u r i z a t i o n  of  Me1 - t r e a t e d  c o a l . a  

SampAe Leach 0 P r e s s . ,  H . V . ,  Ash, 
No. s o l n .  p s i a  B t u . / l b .  % 

O O l D  -- None -- 12579 8 .34  

M e 1  -- 12516 8.44 Ave. of 003, _ _  
004,  005 

50 12046 6.75 013 H2° 
006 Na2C03 50 10220 12.90 

014D H2° 200 11818 6.68 

012 Na2C03 200 11787 13 .02  

016D Na2C03 OC 12245 7 . 4 1  

6 S Content ,  l b . / 1 0  Btu. 
T o t .  Pyr .  S u l f .  Org. 

2.02 0 .98  0.15 0.89 

1 .70  1.10 0.14 0.46  

1 . 2 8  0.44 0.17 0.67 

1 . 2 1  0 .52 0 .16  0 .53  

1.06 0.20 0.12 0.75 

0 .91  0.39 0 . 0 8  0.44 

1 . 6 3  0.95 0 . 1 1  0.57 

astar c o a l  (-150/+200 mesh) ,  t r e a t e d  w i t h  Me1 and t h e n  l e a c h e d  1 h r  a t  
150°C w i t h  H20 o r  0 . 2  Na2C03 under  50  o r  200 p s i a  02. 

b''D" d e n o t e s  a v e r a g e  of d u p l i c a t e  a n a l y s i s .  

%on-oxidizing a tmosphere  of  50  p s i a  N p a r t i a l  p r e s s u r e .  2 
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T a b l e  3. Two-step d e s u l f u r i z a t i o n  of Me1 - t r e a t e d  c o a l . a  
- 

6 Sarnphe 2nd s t e p  H . V . ,  Ash, S C o n t e n t ,  l b . / 1 0  Btu.  
No. Leach Btu.  /lb. % T o t .  P y r .  S u l f .  Org. 

1st Leach S t e p  w i t h  0 . 2  

11119 14 .28  1 .30  0.67 0.03 0 .60  

6.72 1 . 2 4  0.46 0.05 0.73 

018D 

020D 0.1 H2S04 11529 

023 0.1 H3P04 11479 12 .26  1 . 3 1  0 .53  0 .03  0 . 6 3  

024D 0.2 5 Na2C03 9042 13.33 1.20 0.52 0.07 0 . 6 1  

Na2C03 under  5 0  p s i a  O2 

HZO 

2 
1st Leach S t e p  w i t h  0 .2  E Na2C03 under  200 p s i a  0 

11763' 9 .32 0.86 0.21 0.05 0.60 02 7 D  

035D 0.1 E H2S@4 11614' 6 . 0 3  1 . 0 3  0.30 0.08 0 . 6 5  

0 3 i n  0.1 fi H3P04 11478' 1 2 . 2 7  1 .16  0.52 0.05 0.59 

0 . 2  _M Na CO 9831 19 .65  1 .20  0.65 0.08 0 . 4 7  033D 

H2° 

2 3  __ - 

aSta& coal (-150/+200 mesh) ,  t r e a t e d  w i t h  Me1 and then  leached  1 h r  a t  
150 C wi th  0 .2  
1 a d d i t i o n a l  h r  a t  f 5 0 W  under  50  p s i a  N 2  w i t h  i n d i c a t e d  l e a c h  s o l u t i o n .  

Na CO3 under  50 o r  200 p s i a  @?. For 2nd s t e p ,  l e a c h e d  

b''D" d e n o t e s  a v e r a g e  o f  d u p l i c a t e  a n a l y s i s  

"H.V. c a l c u l a t e d .  

Table  4. Methyl  i o d i d e  (MeI) t r e a t m e n t  of l e a c h e d  c o a l . a  
~~ 

SampAe 
No. Treatment  

~~ ~~ ~ ~ ~~ 

6 
H . V . ,  Ash, S C o n t e n t ,  lb./10 Btu.  

B t u . / l b .  % Tot.  P y r .  S u l f .  Org. 

06OD Leached u n d e r  
50 p s i a  O2 9162 9 .53  1 . 2 9  0.24 0 . 0 5  1.00 

Sample 060D 11370 10 .63  1 .26  0.24 0 . 0 1  1.01 

p s i a  0 10810 1 1 . 7 1  1 . 0 4  0 .11  0.02 0 . 9 1  

Sample 064 11534 1 0 . 5 6  0 . 9 6  0.10 0.01 0.85 

062D Me1 t r e a t m e n t  of 

@64 Leached under  200 

065D Me1 t r e a t m e n t  o f  

a s t a r  c o a l  (-200 mesh) p r e c l e a n e d  and l e a c h e d  1 h r  a t  15OoC w i t h  0 . 2  E Na2C03 

b*fD" d e n o t e s  a v e r a g e  of d u p l i c a t e  a n a l y s i s .  
2' 

under  50 o r  200 p s i a  0 
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MOLECULAR COMPONENTS OF C U L  AND COAL STXUCTUFG D. Bodzek and 
A. hlarzec. Departmect of  petroleum and Coal Chemistry. Pol ish 

Academy o f  Sciences. 44-100 Gliwice, 1 Naja 62 St. Poland. 

High v o l a t i l e  bituminous coal was extracted a t  room temperature by 
means o f  18 solvents  having t L e i r  electron-donor /DH/ end -acceptor /AN/ 
prope r t i e s  quan t i t a t ive ly  determined. Extracts  were analysed by f i e l d  
ion iza t ion  and h igh  r e so lu t ion  mass spectrometry. Extractable  compounds 
havicg molecular masses i n  200-600 8.xn.u. range c o n s t i t u t e  30% wi;. o f  
coa l  organic material .  Hydrocarbons /CnH2n,6 up t o  C,U2n-34/, n i t rogen 
comgounds /CHIT, CHN2, CH.N3/, oxxygen compounds /CHO, CH02/ and nitrogen- 
oxygen compounds /CEJO,  C€!N20, CHN02, CIIIi202, CID130/ were i d e n t i f i e d  i n  
the  extracts .  On the  bas i s  of ex t r ac t ion  da ta  / ex t r ac t  y i e l & *  solvent 
DN acd AB numbers/ end LS analysis  the conclusion has been drawn t h a t  
ex t r ac t ab le  compounds a r e  bonded to coa l  macromolecular network by 
electron-donor-acceptor bonds. These bonds a re  destroyed during extrac- 
t i o n  by s u b s t i t u t i o n  a c t i v i t y  of  solveots. Solvent s u b s t i t u t i o n  capabi- 
l i t i e s  depend on t h e i r  donor and acceptor ~ w b e r 3 .  
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